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5.  INTRODUCTION: 

The  goal  of  this  research  is  to  address  the  roie  of  variant/abnormai 
estrogen  receptor  (ER)  expression  in  the  progression  of  human  breast  cancers 
from  hormone  dependence  to  independence.  The  progression  of  breast  cancer  from 
hormone  dependence  to  independence  is  a  clinically  significant  problem  since  it  limits  the 
effectiveness  of  the  relatively  non-toxic  hormonal  therapies  such  as  antiestrogens  and 
progestins  (1).  The  hormone-dependent  phenotype  is  characterized  by  the  presence  of  ER  in 
the  breast  tumor,  but  only  50%  of  receptor  positive  breast  tumors  respond  to  endocrine 
therapies  and  of  those  which  initially  respond  a  significant  proportion  will  eventually  develop 
resistance  to  these  therapies.  Furthermore,  the  development  of  resistance  to  endocrine 
therapy  occurs  despite  the  continued  expression  of  ER  in  the  tumor,  in  at  least  50%  of  cases. 
It  is  the  molecular  mechanisms  of  this  form  of  resistance  i.e.  the  steroid  receptor 
positive/hormone  resistant  human  breast  tumors,  that  this  research  proposal  addresses. 
Elucidation  of  these  mechanisms  will  provide  information  necessary  either  to  prevent  the 
occurrence  of  hormone  resistance,  reverse  it  or  develop  new  treatments  for  the  resistant 
tumors.  As  well,  novel  treatment  response  markers  in  human  breast  tumors  are  likely  to  be 
identified.  Although  multiple  mechanisms  are  likely  to  be  involved  in  hormone  resistance 
and  progression  to  hormone  independence  (1)  in  human  breast  cancer,  this  grant  proposal 
focuses  on  one  possible  mechanism:  the  involvement  of  variant  and/or  abnormal  forms  of  ER. 

The  hypothesis  to  be  tested  is  that  the  expression  and/or  altered  expression  of 
variant/abnormal  ER  in  human  breast  cancer  is  one  mechanism  associated  with  the 
development  of  endocrine  resistance  and  the  progression  from  hormone  dependence  to 
independence. 

The  specific  aims  to  address  this  hypothesis  are: 

1.  To  systematically  investigate  alterations  that  occur  in  the  ER  mRNA  in  human  breast 
cancers. 

2.  To  characterize  structurally  and  functionally  those  abnormal  ER  mRNAs  occurring  most 
frequently  and  determine  their  involvement  in  the  development  of  hormone  independence 
and  progression  in  HBC. 

3.  To  develop  specific  tools  to  investigate  the  expression  of  the  corresponding  proteins  that 
may  be  translated  from  altered  or  variant  ER  mRNAs. 

4.  To  assess  the  biological  significance  of  ER  variants  in  human  breast  cancer  by 
determining  the  relationship  between  the  level  of  expression  of  ER  variants  in  human  breast 
cancer  biopsies  and  the  expression  of  the  normal  ER,  known  estrogen  responsive  genes, 
histopathological  parameters  and  other  known  prognostic  factors. 
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6.  BODY: 

Task  1 .  To  systematically  investigate  alterations  that  occur  in  the  ER  mRNA  in  human  breast 
cancers.  We  have  systematically  investigated  alterations  that  occur  in  the  estrogen  receptor 
(ER)  mRNA  in  human  breast  tumors.  Several  manuscripts  and  abstracts  reporting  these 
studies  have  been  published  (see  references  2-5).  Another  estrogen  receptor  gene,  estrogen 
receptor-p  (ER-p)  was  reported  during  the  tenure  of  this  current  grant  (6).  The  ER-p  protein 
has  similarities  to  the  classical  ER  referred  to  as  ER-a,  in  terms  of  structure  and  function.  Both 
tl^3s@  proteins  have  a  high  degree  of  conservation  of  the  DNA  and  ligand  binding  domains, 
while  the  A/B,  hinge  and  F  domains  are  not  conserved.  The  tissue  specific  expression  of  ER- 
a  and  ER-p  although  not  identical  appears  to  overlap  in  some  cases  (6).  The  expression  of 
ER-p  in  normal  or  neoplastic  mammary  tissue  was  not  reported  however,  and  it  became 
extremely  important  to  determine  if  ER-p,  an  ER  isoform/variant,  is  expressed  in  breast 
cancers  and  therefore  could  potentially  contribute  to  estrogen  signal  transduction  in  this 
tissue.  We  investigated  this  possibility  and  were  the  first  to  publish  the  detection  of  ER-p 
mRNA  in  several  human  breast  tumor  biospy  samples  and  several  human  breast  epithelial 
cell  lines  using  reverse  transcription  polymerase  chain  reaction  (RT-PCR)  analysis  (7).  The 
expression  of  ER-p  was  not  correlated  with  that  of  ER-a  and  both  ER  positive  and  negative 
cell  lines  as  determined  by  ligand  binding  assay,  expressed  ER-p  mRNA.  However,  some 
breast  tumors  and  some  cell  lines  coexpress  ER-p  and  ER-a  mRNA.  Our  data  support  a  role 
for  ER-p  in  human  breast  cancer.  Further,  we  have  now  reported  that  the  presence  of  ER- 
PmRNA  in  normal  human  breast  tissue  (8)  and  have  also  demonstrated  the  presence  of 
variant  forms  of  ER-p  mRNA  in  several  human  and  mouse  tissues  (8),  although  species 
specific  differences  were  found  to  occur. 

We  have  developed  a  multiplex  RT-PCR  assay,  in  order  to  compared  the  relative 
expression  of  ER— a  and  ER— P  mRNA  between  adjacent  samples  of  normal  breast  tissue  and 
their  matched  primary  breast  tumors  obtained  from  1 8  different  patients.  Within  this  cohort,  7 
tumors  were  ER  negative  and  1 1  tumors  were  ER  positive,  as  determined  by  ligand  binding 
assay.  No  differences  in  the  ratio  of  ER-o/ER-p  expression  were  observed  in  the  ER  negative 
cohort.  However,  in  the  ER  positive  cohort,  a  significantly  (p<0.02)  higher  ratio  ER-o/ER-p 
was  observed  in  the  tumor  compared  to  the  normal  tissue  component.  Our  data  revealed  that 
the  increase  in  ER-o/ER-p  ratio  was  primarily  due  to  a  significant  (p<0.05)  increase  in  ER-a 
mRNA  expression  in  conjunction  with  a  lower  ER-p  mRNA  expression  in  the  tumor  compared 
to  the  normal  compartment  in  some  but  not  all  ER  positive  cases.  These  results  suggest  that 
the  role  of  ER-a  and  ER-P  driven  pathways  and/or  their  interaction  change  during  breast 

tumorigenesis  (9). 
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We  have  also  demonstrated  that  previously  identified  exon  8  deleted  ER-P  variants, 
called  ER-p2  and  ER-p  5  (10),  are  expressed  in  both  normal  and  neoplastic  human  breast 

tissues  (11). 

Task  2.  To  develop  quantitative  RT-PCR  assays  for  measuring  selected  ER  mRNA  variants 
in  RNA  isolated  from  microdissected  regions  of  human  breast  tumors.  Several  different 
assays  were  developed,  each  with  different  advantages  and  limitations.  These  results  have 
been  previously  published  (4,  12-16).  The  type  of  assay  used,  was  dictated  by  the  question 
asked  and  practical  issues.  These  assays  are  being  used  to  assess  the  biological 
significance  of  ER-a  variants  in  human  breast  cancer  under  Task  5.  However,  in  order  to 
compare  some  of  our  current  data  with  that  obtained  previously  (17),  it  was  necessary  to 
validate  the  comparsion  of  our  RT-PCR  based  assays  with  RNase  protection  assays.  The 
results  of  this  validation  are  in  press  (18).  Due  to  our  demonstration  of  the  expression  of  ER- 
p  mRNA  in  human  breast  tumors  and  the  possible  differential  regulation  of  ER-p  and  ER-a  we 
have  developed  a  multiplex  assay  to  determine  the  relative  expression  of  these  two  ER 
genes  in  human  breast  tissues  (9).  As  well  we  have  developed  and  validated  an  RT-  triple 
primer  PCR  assay  to  simultaneously  determine  in  small  samples  of  breast  tissue  the  relative 
expression  of  the  wild  type  ER-P  and  the  two  variant  ER-P  mRNAs  deleted  in  exon  8  which 
we  have  found  highly  expressed  in  human  breast  tissues  (11). 

Task  3.  To  characterize  structurally  and  functionally  those  variant  ER  mRNAs  occurring  most 
frequently  in  human  breast  cancer.  Eukaryotic  expression  vectors  for  several  of  the  variant 
and  mutant  ER-a  mRNAs  have  been  constructed  and  used  to  determine  the  ability  of  the 
predicted  protein(s)  to  bind  ligand,  have  transcriptional  activity  alone  or  alter  transcriptional 
activity  of  the  wild  type  ER-a  (19).  Previously  we  had  developed  a  model  of  estrogen 
independence  in  human  breast  cancer  cells  (20).  Two  molecular  alterations  were  identified 
in  this  model:  1 .  There  is  a  marked  up-regulation  of  the  relative  expression  of  an  exon  3+4 
deleted  ER-a  mRNA  in  the  estrogen  independent  cells  (T5-PRF)  compared  to  the  T5, 
estrogen  responsive  parent  cells  (19).  The  increased  relative  expression  of  this  ER-a  variant 
mRNA  correlated  with  a  significant  increase  in  the  basal,  estrogen  independent  activity  of  the 
wild  type  ER-a,  as  determined  by  transient  transfection  of  an  ERE-tk-CAT  reporter  gene  and 
the  measurement  of  endogenous  progesterone  receptor  (PR)  expression  (19),  in  the  T5-PRF 
cells.  An  expression  vector  containing  the  exon  3+4  deleted  ER-a  cDNA  was  constructed. 
The  in  vitro  transcribed/translated  protein  does  not  bind  estradiol  and  does  not  interact  with 
an  ERE  in  gel  shift  assays.  But,  when  expressed  following  transient  transfection  in  the 
estrogen  responsive  parent  T5  cells,  a  dose-dependent  increase  in  basal,  ligand 
independent  activity  of  the  endogenous  wild  type  ER-a  occurred  (19).  However,  when  the 
exon  3+4  deleted  variant  ER-a  expression  vector  is  transfected  alone  into  MDAMB231  (ER- 
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(x  nGgativ©  human  br©ast  canc©r)  or  MCF10A1  (ER-oc  n©gativ©  nontumorig©nic,  immortaliz©d 
human  br©ast  ©pith©lial)  calls  with  an  ERE-tk-CAT  r©port©r  th©  variant  protain  has  no 
datactabi©  transcriptional  activity  (19).  Co-transfaction  of  a  constant  amount  of  wild  typ©  ER-a 
Gxprassion  vactor  and  incraasing  axon  3+4  dalation  ER-a  axprassion  vactor,  incraasad  th© 
ligand  indapandant  ER-a  inducad  ERE-tk-CAT  activity  in  both  MCF10A1  and  MDAMB231 
(19).  Although  w©  can  datact  racombinantly  ©xprassad  variant  ER-aprotain  following 
transfaction  into  ER-  cells  we  have  been  unable  to  unequivocally  determine  any  increased 
relative  expression  of  a  variant  ER-a  protein  consistent  with  that  predicted  to  be  encoded  by 
an  exon  3+4  deleted  ER-a  variant  mRNA  in  T5-PRF  cells  compared  to  T5  cells.  The  exon  3+4 
deleted  ER-a  protein  is  predicted  to  encode  an  approx.  49  kDa  protein  and  although  an 
immunoreactive  ER-a  protein  can  be  detected  at  around  50  kDa  in  both  T5  and  T5-PRF  cells 
it  does  not  directly  correlate  with  exon  3+4  deleted  ER-a  variant  mRNA  level.  Furthermore, 
other  predicted  variant  ER-a  proteins  (21)  would  also  be  around  50  kDa,  as  is  a  commonly 
occurring  proteolytic  fragment  of  the  wild  type  ER-a  protein.  2.  A  second  molecular  alteration 
correlated  with  the  estrogen  independent  phenotype  of  the  T5-PRF  cells  has  also  been 
identified  (22).  We  have  determined  that  T5-PRF  cells  have  an  increased  expression  of 
activated  mitogen  activated  protein  kinase  (MAPK)  compared  to  the  estrogen  responsive  T5 
parent  line  (22).  Since  MAPK  has  been  shown  to  phosphorylate  and  activate  the  wild  type 
ER-a  protein  in  a  ligand  independent  fashion  (23)  it  is  possible  that  it's  increased  activity  has 
a  role  together  with  the  increased  expression  of  a  variant  ER-a  protein  in  the  estrogen 
independent  phenotype  of  T5-PRF  cells. 

We  have  over-expressed  a  truncated  ER-a  protein  (clone  4  truncated  ER-a  protein)  in 
estrogen  responsive  MCF-7  cells.  Our  preliminary  data  indicate  that  this  does  not  effect 
estrogen  sensitivity  of  these  cells  as  determined  by  exponential  growth  of  the  cells  or  PR 
expression  or  activation  of  ER-a  induced  transcription  of  an  ERE-tk-CAT  reporter  plasmid. 
This  contrasts  with  our  previous  observation  that  increased  relative  expression  of  the  clone  4 
truncated  ER-a  variant  mRNA  was  significantly  correlated  with  poor  prognostic  characteristics 
in  human  breast  tumors  and  lack  of  sensitivity  to  endocrine  therapies  as  defined  by  lack  of  PR 
expression  (17).  These  data  suggest  that  overexpression  of  a  single  ER-a  variant  protein 
alone  is  insufficient  to  confer  estrogen  independence  and  antiestrogen  resistance  to  breast 
cancer  cells.  However,  these  data  would  be  consistent  with  the  need  for  multiple  alterations 
being  involved  in  altered  estrogen  and  antiestrogen  sensitivity  as  seen  in  the  T5-PRF  cell  line 
(19,22). 

Task  4.  To  develop  specific  tools  fantibodiesi  to  investigate  the  expression  of  the 
corresponding  proteins  that  may  be  translated  from  variant  ER-a  mRNAs. 
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A  synthetic  peptide  containing  the  novel  6  amino  acids  present  in  the  predicted  clone  4  ER-a 
protein  was  conjugated  to  KLH  (Chiron  Inc)  and  this  antigen  was  used  to  raise  antibodies  to 
the  clone  4  ER-a  variant  protein  in  rabbits  (National  Biological  Labs).  The  antisera  have  been 
prescreened  against  the  synthetic  peptide,  and  the  most  promising  antisera  were  used  to 
screen  Cos-1  and  MCF-7  cells  stably  transfected  with  the  clone  4  variant  ER-a  transgene. 
Our  preliminary  data  show  that  the  antisera  can  detect  a  24  kDa  protein  present  in  transgene 
transfected  Cos-1  and  MCF  7  but  not  in  vector  alone  transfected  cells.  Further,  a  similar  sized 
protein  is  also  detected  with  H226  antibodies  (which  detects  an  N-terminal  epitope  of  the  wild 
type  ER-a  which  is  predicted  to  be  present  in  the  clone  4  variant  ER-a  protein).  These  data 
suggest  that  the  antisera  contains  specific  antibodies  to  the  clone  4  ER-a  protein.  Various 
dilutions  of  the  antiserum  appear  to  detect  other  proteins  on  Western  blots.  Immunoglobulin 
isolation  and  small  batch  affinity  purification  was  done  and  the  resulting  antibody  has 
markedly  reduced  background/non-specific  activity.  This  procedure  is  being  scaled  up  to 
generate  sufficient  affinity  purified  antibody  for  Western  blot  analysis  of  breast  tumor  extracts 
and  to  determine  if  this  antibody  is  useful  for  immunohistochemical  analyses  and 
immunopreciptation.  Following  the  satisfactory  completion  of  this  characterization  we  will 
analysis  human  breast  tumor  samples  to  determine  the  presence  of  clone  4  ER-a-like 
epitopes  and  proteins  in  vivo. 

Previously,  we  have  provided  indirect  evidence  to  support  the  detection  of  C-terminally 
truncated  ER-a  variant  proteins  which  could  correspond  to  those  predicted  to  be  encoded  by 
ER-a  variant  mRNAs.  This  evidence  was  based  on  the  correlation  of  increased  expression  of 
ER-a  variant  mRNAs  encoding  C-terminally  truncated  proteins  with  increased  detection  of  C- 
terminally  truncated  ER-a  like  proteins  in  breast  tumors.  C-terminally  truncated  ER-a  like 
proteins  were  determined  by  the  increased  immunohistochemical  (IHC)  signal  using  an 
antibody  which  recognizes  an  N-terminal  epitope  in  the  wild-type  ER-a  protein  (expected  to 
be  present  in  many  ER-a  variants),  compared  to  the  IHC  signal  using  an  antibody  which 
recognizes  a  C-terminal  epitope  in  the  wild  type  ER-a  protein  (not  expected  to  be  present  in 
many  ER-a  variants)  (24,25).  In  addition  we  have  shown  experimentally  that  we  can  cause 
discrepancies  in  the  IHC  determination  of  ER  status  due  to  increased  expression  of  C- 
terminally  truncated  ER-a  variant  proteins  using  transient  transfection  of  expression  vectors 
(26).  The  data  suggest  that  the  ER-a  variant  mRNAs  encoding  truncated  ER  proteins  may 
contribute  to  discrepancies  in  ER-a  measured  by  immunodetection  methodologies.  Further, 
the  data  are  consistent  with  the  ability  of  some  ER  variant  mRNAs  to  be  stably  translated  in 
vivo.  The  data  do  not  unequivocally  prove  that  ER-a  variant  proteins  corresponding  to  known 
ER-a  variant  mRNAs  can  be  detected  in  vivo. 


-  10- 


Task  5.  To  assess  the  biological  significance  of  ER  variants  in  human  breast  cancer 
Available  studies  provide  evidence  for  an  extensive  and  complex  pattern  of  alternative 
splicing  associated  with  the  ER-a  gene,  which  seems  to  be  altered  during  breast 
tumorigenesis  (4,12,14,27).  Further  our  data  suggest  that  the  mechanisms  generating 
alternatively  spliced  forms  of  ER-a  are  unlikely  to  be  due  to  a  generalized  deregulation 

and/or  alteration  of  splicing  processes  within  breast  tumors  (28). 

We  have  previously  shown  that  alteration  of  expression  of  some  variant  ER-a  mRNAs 
was  found  to  occur  during  breast  tumorigenesis  (12,14).  These  studies  were  done  using 
unmatched  samples  of  breast  tumors  and  normal  breast  tissues.  We  have  now  compared  the 
relative  expression  of  an  exon  3  deleted,  an  exon  5  deleted  and  the  truncated  clone  4  ER-a 
variant  mRNAs  in  primary  breast  tumors  and  their  matched  adjacent  normal  breast  tissues 
(29).  Our  data  confirm  the  previous  observations  that  the  relative  expression  of  the  exon  5 
deleted  and  the  clone  4  truncated  ER-a  variant  mRNAs  is  increase  in  breast  tumor  subsets 
compared  to  their  matched  normal  tissues  (29).  However,  this  study  also  demonstrated  that 
the  exon  3  deleted  ER-a  variant  mRNA  was  significantly  decreased  in  breast  tumors 
compared  to  their  matched  normal  tissues.  The  data  suggest  that  multiple  alterations  of  the 
relative  expression  of  ER-a  variants  occurs  during  breast  tumorigenesis  and  may  contribute 

to  altered  estrogen  responsiveness  during  breast  tumorigenesis. 

We  have  also  previously  documented  altered  ER-a  variant  mRNA  expression  during 
breast  cancer  progression  (4,  17).  In  particular  we  showed  that  the  expression  of  the 
truncated,  clone  4  variant  ER-a  mRNA  relative  to  wild  type  ER-a  mRNA  was  significantly 
increased  in  a  group  of  primary  breast  tumors  with  poor  prognostic  features  compared  to  a 
group  of  primary  breast  tumors  with  good  prognostic  features  (17).  "Poor"  prognostic  features 
included  the  presence  of  lymph  node  metastases  at  the  time  of  surgery,  large  tumor  size,  lack 
of  PR  expression  and  high  proliferative  index,  while  "good"  prognostic  features  were  lack  of 
nodal  involvement,  small  tumor  size,  PR  positivity  and  low  proliferative  index.  This  suggested 
that  altered  ER-a  variant  expression  may  be  a  marker  of  a  more  aggressive  phenotype.  We 
investigated  this  possibility  further  by  comparing  the  over-all  pattern  of  deleted  ER-a  variant 
expression  between  matched  primary  tumors  and  their  concurrent  lymph  node  metastases, 
as  well  we  compared  the  relative  level  of  expression  of  several  individual  ER-a  variant 
mRNAs  in  these  matched  tumor  samples.  Our  data  (18)  suggest  that  both  the  pattern  of  ER-a 
variant  expression  and  the  relative  level  of  expression  of  three  individual  ER-a  variants  are 
conserved  in  primary  breast  tumors  and  their  matched,  concurrent  lymph  node  metastases. 
These  findings  are  not  inconsistent  with  our  previously  published  data  in  which  the  relative 
expression  of  at  least  one  ER-a  variant  was  significiantly  increased  in  primary  tumors  with 
poor  prognostic  characteristics,  which  included  having  concurrent  lymph  node  metastases. 
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as  compared  to  primary  tumors  without  concurrent  lymph  node  metastases  (17).  The  primary 
tumors  in  our  current  study  by  definition  fall  into  the  previously  described  poor  prognostic 
group  since  they  are  all  primary  breast  tumors  with  concurrent  lymph  node  metastases. 

To  assess  the  potential  biological  significance  of  ER-p  expression  in  human  breast 

cancer  we  have  measured  the  relative  expression  of  ER-a  and  ER-P  mRNA  between 
adjacent  samples  of  normal  breast  tissue  and  their  matched  primary  breast  tumors.  A 
significantly  (p<0.02)  higher  ratio  ER-a/ER-p  was  observed  in  the  tumor  compared  to  the 
normal  tissue  component  of  those  cases  where  the  tumor  was  ER+  as  defined  by  ligand 
binding  analysis.  Our  data  revealed  that  the  increase  in  ER-a/ER-p  ratio  was  primarily  due 
to  a  significant  (p<0.05)  increase  in  ER-a  mRNA  expression  in  conjunction  with  a  lower 
ER-P  mRNA  expression  in  the  tumor  compared  to  the  normal  compartment  in  some  but  not 

ali  ER  positive  cases.  These  results  suggest  that  the  role  of  ER-a  and  ER-p  driven  pathways 
and/or  their  interaction  change  during  breast  tumorigenesis  (9).  Despite  the  observation  that 
ER-P  mRNA  is  downregulated  in  many  human  breast  tumors,  the  level  of  ER-p  mRNA 
appeared  to  vary  amongst  breast  tumors  (7).  These  observations  raised  the  question  of 
whether  the  expression  of  ER-p  in  breast  tumors  was  correlated  with  known  prognostic  and 

endocrine  treatment  response  markers.  Therefore  the  relationship  of  ER-p  mRNA  expression 
to  ER  and  PR  status  (as  determined  by  ligand  binding  analysis)  was  investigated.  The  level  of 
ER-p  mRNA  was  found  to  be  significantly  lower  in  PR+  tumors  compared  to  PR  -  tumors 
(p=0.036)  and  no  association  with  ER  status  was  found.  Subgroup  analysis  showed  that  ER- 
p  mRNA  expression  in  ER+/PR+  breast  tumors  was  significantly  less  than  in  ER+/PR- 
(p=0.009),  ER-/PR+  (p=0.029)  and  ER-/PR-  (p=0.023)  groups.  Interestingly,  the  ER-p  mRNA 
expression  was  specifically  decreased  by  progestin  in  T-47D  breast  cancer  cells.  The  inverse 
relationship  between  PR  (a  good  prognostic  variable  and  a  marker  of  response  to  endocrine 
therapies)  and  ER-p  suggests  that  although  ER-p  is  often  downregulated  in  human  breast 
tumors  compared  to  normal  human  breast  tissue  (9),  its  maintainance  and/or  increased 
expression  in  some  breast  tumors  may  correlate  with  a  poorer  progriosis  and  the  likelihood  of 
failure  of  response  to  endocrine  therapies  such  as  antiestrogens.  This  remains  to  be  tested  in 
samples  of  breast  tumors  from  patients  known  to  have  responded  or  not  to  have  responded 
to  endocrine  therapies,  in  clinical  trials.  The  data  suggest  the  possibility  that  expression  of 
ER-p  in  human  breast  tumors  is  a  marker  of  endocrine  therapy  responsiveness  (30). 

7.  CONCLUSIONS. 

Our  results  suggest  that  estrogen  receptor  mediated  signal  transduction  is  complex 
and  multifaceted  in  human  breast  cancer  (21).  We  have  identified  the  frequent  expression  of 
several  alternatively  spliced  variants  of  the  ciassicai  ER-a  as  well  as  the  expression  of  a 
second  novel  ER  gene  (ER-p)  and  several  ER-p  variants,  at  least,  at  the  mRNA  level,  in  both 
normal  and  neoplastic  human  breast  tissues.  Further  we  have  both  published  and 
preliminary  data  showing  alterations  in  the  relative  expression  of  several  of  these  ER-like 
molecules  during  human  breast  tumorigenesis  and  breast  cancer  progression.  In  particular 
marked  alterations  of  the  relative  expression  of  several  ER-a  variant  mRNAs  and  the  relative 
expression  of  ER-a  and  ER-p  mRNA  occurs  between  normal  breast  tissue  and  primary  breast 
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tumors.  Our  data  suggest  that  marked  alterations  of  several  players  involved  in  estrogen 
signal  transduction  occur  during  breast  tumorigenesis  in  particular,  and  these  changes  may 
contribute  to  the  altered  estrogen  sensitivity  that  appears  to  occur  during  breast 
tumorigenesis. 
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Abstract 

Estrogen  receptor  (ER)-y?  mRNA  splice  variants  have  been  identified  in  human  breast  tumors  as  well  as  normal  human  and 
mouse  ovarian,  uterine  and  mammary  tissues.  In  both  species  transcripts  deleted  in  exons  5  or  6,  or  5  +  6  have  been  characterized 
by  RT-PCR  followed  by  cloning  and  sequencing.  In  mouse  tissues  an  ER-y?  transcript  containing  54  nucleotides  inserted  in  frame 
between  exons  5  and  6  was  identified.  Interestingly,  no  equivalent  of  the  mouse  inserted  transcript  was  detected  in  any  of  the  four 
human  tissues  analyzed.  ©  1998  Published  by  Elsevier  Science  Ireland  Ltd.  All  rights  reserved. 

Keywords:  Estrogen  receptor-a;  Estrogen  receptor-y?;  mRNA  variant;  Alternative  splicing;  Human;  Mouse 


1.  Introduction 

Recently,  the  cDNA  of  a  second  estrogen  receptor,  - 
estrogen  receptor  (ER)-y5,  was  cloned  and  sequenced 
from  the  rat  (Kuiper  et  ah,  1996),  the  human  (Mos- 
selman  et  ah,  1996)  and  the  mouse  (Tremblay  et  ah, 
1997).  Northern  analysis  of  RNA  isolated  from 
mouse  ovary  demonstrated  the  presence  of  multiple 
mRNA  species  for  ER-yff  (Tremblay  et  ah,  1997)  sug¬ 
gesting  the  possibility  that  variant  ER-y5  proteins 
might  exist.  To  investigate  whether  ER-y9  variant  mR- 
NAs  might  be  expressed  in  human  as  well  as  murine 
tissues,  an  RT-PCR  analysis  was  undertaken  which 
demonstrated  the  presence  of  variant  ER-y8  mRNAs 
in  both  species. 


*  Corresponding  author.  Tel.:  +  1  204  7893233;  fax:  +  1  204 
7893900;  e-mail:  lcmurph@cc.umanitoba.ca 


2.  Materials  and  methods 

2.1.  Tissues  and  RNA  extraction 

Human  breast  tumor  specimens  left-over  from 
steroid  receptor  assays  were  obtained  from  the  Mani¬ 
toba  Breast  Tumor  Bank,  and  three  non-malignant 
human  uterine  hysterectomy  samples  were  obtained 
from  the  Department  of  Obstetrics  and  Gynecology 
(Health  Sciences  Centre,  Winnipeg,  Canada).  Total 
RNA  was  extracted  by  the  guanidinium  thiocyanate/ 
cesium  chloride  method  as  previously  described  (Dot¬ 
zlaw  et  al.,  1990).  Four  nonmalignant  human  ovarian 
samples  from  two  pre-menopausal  and  two  post¬ 
menopausal  women  were  obtained  through  the 
Ovarian  Tissue  Bank  (Institut  du  Cancer  de  Montreal, 
Centre  de  Recherche  Louis-Charles  Simard,  Montreal, 
Canada).  Four  normal  human  breast  tissues  from  re¬ 
duction  mammoplasties  of  pre-menopausal  women 
were  obtained  through  the  Manitoba  Breast  Tumor 
Bank.  Total  RNA  from  the  ovarian  and  normal 
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breast  tissue  samples  was  extracted  with  Trizol  reagent 
(Gibco/BRL)  according  to  the  manufacturer’s  instruc¬ 
tions. 

Mouse  uteri  and  ovaries  were  obtained  from  four 
female  mice  aged  8-9  weeks,  and  mammary  tissues 
were  obtained  from  two  adult  lactating  female  mice. 
Total  RNA  was  extracted  with  Trizol  reagent  (Gibco/ 
BRL)  according  to  the  manufacturer’s  instructions. 

Integrity  of  RNA  was  confirmed  by  denaturing  gel 
electrophoresis  as  previously  described  (Murphy  and 
Dotzlaw,  1989). 

2.2.  RT-PCR  and  primers 

Total  RNA  (1.5  pg  per  reaction)  was  reverse  tran¬ 
scribed  as  previously  described  (Dotzlaw  et  al.,  1997). 
One  microlitre  of  this  reaction  was  amplified  by  PCR 
incorporating  in  a  final  volume  of  10  /^l,  and  4  jul  of 
this  reaction  separated  on  6%  denaturing  polyacry¬ 
lamide  gels  and  autoradiographed  as  previously  de¬ 
scribed  (Dotzlaw  et  al.,  1997). 

All  ER-)9  exons  are  defined  in  this  report  by  analogy 
to  the  human  ER-jff  exon  structure  (Enmark  et  al., 
1997):  human  primer  set  one;  hER-y9  exons  4  and  7: 
hER-y9-4  (sense)  5'-GGC  CGA  CAA  GGA  GTT  GGT 
A-3'  (priming  site  in  exon  4,  nucleotides  762 — 780  as 
numbered  in  Mosselman  et  al.  (1996));  hER-)?-7  (anti- 
sense)  5'-TCC  ATG  CCC  TTG  TTA  CTC  G-3'  (prim¬ 
ing  site  in  exon  7,  nucleotides  1262-1280).  The  PCR 
conditions  were  30  cycles  of  1  min  at  94°C,  30  s  at 
60°C,  and  1  min  at  72°C. 

Human  primer  set  two:  hER-yff  exons  5  and  6:  hER- 
P-5  (sense)  5'-GCT  GTT  GGA  TGG  AGG  TGT  TA-3' 
(priming  site  in  exon  5,  nucleotides  857-876);  hER-yff-6 
(antisense)  5'-CTT  GAA  GTA  GTT  GCC  AGG  AG-3' 
(priming  site  in  exon  6,  nucleotides  997-1016).  The 
PCR  conditions  were  30  cycles  of  30  s  at  94°C,  30  s  at 
60°C,  and  30  s  at  72°C. 

Mouse  primer  set  one:  mER-y?  exons  4  and  8:  mER- 
yff-4  (sense)  5'-CTG  AAC  AAA  GCC  AAG  AGA-3' 
(priming  site  in  exon  4,  nucleotides  600-617  as  num¬ 
bered  in  Tremblay  et  al.  (1997));  mER-yff-8  (antisense) 
5'-GCT  CTT  ACT  GTC  CTC  TGT  CG-3'  (priming  site 
in  exon  8,  nucleotides  1417-1436).  The  PCR  conditions 
were  35  cycles  of  1  min  at  94°C,  1  min  at  60°C,  and  2 
min  at  72°C. 

Mouse  primer  set  two:  mER-y5  exons  5  and  6:  mF.R- 
P-S  (sense)  5'-GCT  GAT  GGT  GGG  GCT  GAT  GT-3' 
(priming  site  in  exon  5,  nucleotides  890-909);  mER-yff-6 
(antisense)  5'-ATG  CCA  AAG  ATT  TCC  AGA  AT-3' 
(priming  site  in  exon  6,  nucleotides  993-1012).  The 
PCR  conditions  were  35  cycles  of  1  min  at  94°C,  and  30 
s  at  60°C. 

PCR  products  from  human  breast  tumors  and  mouse 
mammary  tissues  were  subcloned  into  the  cloning  vec¬ 
tor,  pGEM-T  Easy  (Promega)  following  the  manufac¬ 


turer’s  instructions.  Double  stranded  DNA  from  at 
least  two  independent  clones  from  each  tissue  was 
sequenced  with  a  T7  Sequencing  kit  (Pharmacia)  fol¬ 
lowing  the  manufacturer’s  protocol.  All  RT-PCRs  were 
carried  out  at  least  2  x  for  each  sample  analyzed. 


3.  Results  and  discussion 

Previously  the  presence  of  ER-yff  mRNA  was  iden¬ 
tified  in  some  human  breast  tumor  samples  (Dotzlaw  et 
al.,  1997).  The  RT-PCR  analysis  employed  a  primer  set 
which  annealed  to  sequences  corresponding  to  exons  7 
and  8  of  the  human  ER-yff  cDNA  (Enmark  et  al.,  1997). 
Numerous  splicing  variants  of  the  human  ER-a  mRNA 
have  been  identified  to  date  (Murphy  et  al.,  1997),  and 
it  was  of  interest  to  determine  if  similar  splice  variants 
could  be  detected  in  the  ligand  binding  domain  of  the 
ER-y5  mRNA  in  human  breast  tumors.  Using  a  primer 
set  which  would  anneal  to  sequences  located  in  exons  4 
and  7  of  the  human  ER-y9  cDNA  (Enmark  et  al.,  1997), 
RT-PCR  analyses  were  undertaken  using  RNA  isolated 
from  four  separate  human  breast  tumor  samples  which 
had  previously  been  shown  to  express  ER-y5  mRNA  by 
RT-PCR  using  an  exon  7/8  primer  set  (Dotzlaw  et  al., 
1997).  The  results  presented  in  Fig.  1  show  the  presence 
of  the  expected  519  bp  wild-type  ER-y9  product,  as  well 
as  several  smaller  sized  PCR  products. 


WT 

(519  bp)  ' 
D6 

(385  bpK_^ 
D5 

(380  bp) 


D5/6 

(246  bp)  ' 

Fig.  1.  Detection  of  wild-type  ER-j^  and  ER-yff  variant  mRNAs  in 
human  breast  tumor  tissues.  Total  RNA  extracted  from  four  different 
human  breast  tumors  (1-4)  was  reverse  transcribed  and  PCR  amplifi¬ 
cation  was  carried  out  using  primers  located  in  exons  4  and  7.  PCR 
products  migrating  at  the  sizes  of  519,  385,  380  and  246  bp  were 
subsequently  cloned,  sequenced  and  identified  as  corresponding  to 
ER-y?  wild-type  (WT),  exon  6-deleted  variant  (D6),  exon  5-deleted 
‘Variant  (D5)  and  exon  5 -6-deleted  variant  (D5/6)  cDNAs,  respec¬ 
tively. 
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Fig.  2.  Sequencing  of  exon  5-deleted  and  exon  5/6-deIeted  ER-/? 
variants  in  human  and  murine  tissues.  Top  panels:  sequencing  of  PCR 
products  obtained  by  amplification  of  human  breast  tumor  cDNAs 
using  primers  in  exons  4  and  7  and  migrating  at  the  sizes  of  380  and 
246  bp  (Fig.  1)  showed  a  perfect  junction  between  exon  4  and  6  (deletion 
5),  and  exon  4  and  7  (deletion  5/6),  respectively.  Bottom  panels: 
sequencing  of  PCR  products  obtained  by  amplification  of  murine 
breast  tissue  cDNAs  using  primers  in  exons  4  and  8  and  migrating  at 
the  sizes  of  698  and  564  bp  (Fig.  3)  showed  a  perfect  junction  between 
exon  4  and  6  (deletion  5),  and  exon  4  and  7  (deletion  5/6),  respectively. 


Cloning  and  sequencing  of  the  smaller  sized  products 
(Fig.  2)  revealed  deletions  of  nucleotides  812-950,  951- 
1084  and  812-1084  (numbered  as  in  Mosselman  et  al. 
(1996))  which  are  precise  exon  deletions  of  exon  5,  6, 
and  5  +  6,  respectively.  To  determine  if  such  deletions 
occurred  only  in  human  breast  tumor  tissue,  RNA 
extracted  from  several  normal  breast,  uterine  and 
ovarian  tissue  samples  was  analyzed  (Fig.  3,  top  panel). 
The  same  tissues  from  the  mouse  were  analyzed  in 
parallel,  with  mouse  ER-^S  primer  set  located  in  putative 
exons  4  and  8  (Fig.  3,  bottom  panel;  all  exons,  mouse 
and  human,  are  numbered  according  to  the  human 
ER-/?  structure  (Enmark  et  al.,  1997)).  All  human 
tissues  analyzed  expressed  ER-yS  variant  mRNAs  similar 
to  those  identified  in  breast  tumors.  The  expected  wild- 
type  product  of  837  bp  was  detected  in  all  mouse  tissues, 
as  were  several  smaller  sized  PCR  products.  Cloning 
and  sequencing  of  the  698  and  564  bp  fragments  iden¬ 
tified  deletions  of  nucleotides  829-967  and  829-1101, 
which  by  analogy  to  the  human  ER-)?  would  be  a 
precise  deletion  of  exon  5  and  deletion  of  exons  5  and 
6,  respectively  (Fig.  2,  nucleotides  numbered  as  in 


Tremblay  et  al.  (1997)).  The  703  bp  band  was  found  to 
correspond  to  an  exon  6  deleted  ER-^  transcript. 

These  data  are  the  first  to  support  the  expression  of 
exon  deleted  splice  variants  for  ER-^S  similar  to  those 
for  ER-a,  in  both  human  and  murine  tissue  samples. 
The  exon  5  and  6  deleted  splice  variants  identified  in  this 
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Fig.  3.  Detection  of  wild-type  ER-/?  and  ER-y?  variant  mRNAs  in 
normal  human  and  murine  tissues.  Total  RNA  extracted  from  normal 
human  (top  panel)  or  mouse  (bottom  panel)  breast  tissues  (1-2), 
ovaries  (3-4)  and  uteri  (5-6)  was  reverse  transcribed  and  PCR 
amplification  was  carried  out  using  primers  located  in  exons  4  and  7 
(human)  or  in  exons  4  and  8  (mouse).  PCR  products  obtained  in  human 
tissues  migrated  at  the  sizes  of  519,  385,  380  and  246  bp  corresponding 
to  ER-^  wild- type  (WT),  exon  6-deleted  (D6),  exon  5-deIeted  (D5)  and 
exon  5-6-deleted  (D5/6)  cDNAs,  respectively.  PCR  products  obtained 
in  mouse  tissues  and  migrating  at  the  sizes  of  891,  837,  703,  698  and 
564  bp  were  identified  as  corresponding  to  a  54  bp  inserted  ER-^ 
variant  (54  bp  Ins),  ER-/?  wild-type  (WT),  exon  6-deleted  variant  (D6), 
exon  5-deleted  variant  (D5)  and  exon  5-6-deleted  variant  (D5/6), 
respectively. 
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agG  TCC  TCA  GAA  GAC  CCT  CAC  TGG  CAC  GTT  GCG  CAG  ACG  AAG  AGT  GCT  GTC  CCA  AGg 


Arg  Ser  Ser  Glu  Asp  Pro  His  Trp  His  Val  Ala  Gin  Thr  Lys  Ser  Ala  Val  Pro  Arg 


-  I 

Exon  5 


54  basepair  insertion 


J - ^ 

Exon  6 


Fig.  4.  Insertion  (54  bp):  nucleotide  and  amino  acid  sequences.  The  sequence  of  the  inserted  54  bp  is  indicated  in  upper  case  letters.  Nucleotides 
corresponding  to  the  published  mouse  EK-jl  cDNA  sequence,  indicated  in  lower  case  letter,  are  numbered  according  to  Dotzlaw  et  al.  (1990). 
Brackets  indicate  putative  exonic  splicing  enhancer  sequences  (Coulter  et  al.,  1997;  Otto  et  al.,  1997).  Predicted  amino  acid  composition  of  the 
insert  is  shown.  The  underlined  amino  acids  correspond  to  the  substitutions  observed  between  mouse  inserted  sequence  and  the  recently  described 
rat  inserted  sequence  (Daffada  et  al.,  1994). 


Study  are  out-of-frame  and  would  be  expected  to  encode 
C-terminally  truncated  ER-yS  proteins,  which  are  un¬ 
likely  to  bind  ligand.  The  exon  5-1-6  deleted  splice 
variant  is  inframe  but  deleted  in  91  amino  acids  (aa) 
(274-364  of  the  mouse  and  human  ER-yS  (Enmark  et  al, 
1997)),  which  are  within  the  hormone-binding  domain. 
The  putative  protein  encoded  by  the  exon  5-1-6  deleted 
variant  would  also  be  unlikely  to  bind  ligand. 

In  contrast  to  what  was  observed  in  human  tissues,  all 
murine  tissues  analyzed  presented  a  prominent  ER-yff  891 
bp  PCR  product  which  was  larger  than  the  expected 
wild-type  ER-y?  product  of  837  bp  (Fig.  3,  bottom  panel). 
Sequencing  of  the  larger  PCR  product  revealed  an 
insertion  of  54  nucleotides  between  nucleotides  967  and 
968  (Tremblay  et  al.,  1997),  which  is  precisely  inserted 
between  the  splice  junction  of  exons  5  and  6.  Identical 
results  were  obtained  when  the  starting  RNA  samples 
were  enriched  for  polyadenylated  transcripts  using  oligo- 
dT  attached  to  magnetic  beads  (data  not  shown),  suggest¬ 
ing  that  the  inserted  transcript  represented  an  authentic 
mRNA  species.  The  sequence  of  this  insertion  is  shown 
in  Fig.  4.  This  insertion  is  inframe  and  the  predicted 
amino  acids  are  shown  in  Fig,  4  also.  While  this  work 
was  in  progress  the  presence  of  a  54  bp  inserted  ER-yS 
transcript  in  rat  tissues  was  published  (Chu  and  Fuller, 
1997).  The  sequence  of  the  54  nucleotide  insertion  in  the 
murine  ER-/?  transcript  is  identical  to  that  published  for 
the  rat  except  for  a  T  C  change  at  nucleotide  position 
36  (1  =  start  of  the  54  nucleotide  insert),  which  would 
result  in  a  Met  ^  Thr  substitution  in  the  mouse  protein, 
and  a  C-^T  change  at  position  48  which  would  result 
in  an  Ala  ^  Val  substitution  in  the  mouse  protein. 

Because  the  initial  screening  of  human  tissues  using  the 
exon  4/7  primer  set  failed  to  reveal  an  analogous  human 
ER-yff  transcript  containing  an  insertion  between  exons 
5  and  6,  reanalysis  of  human  and  mouse  tissues  was 
undertaken  using  primer  sets  located  in  exons  5  and  6  of 
either  the  human  or  the  mouse  ER-y?.  While  the  inserted 
ER-yS  transcript  was  easily  detected  as  a  177  bp  PCR 
product  in  all  murine  tissues  analyzed,  only  the  expected 
160  bp  PCR  product  corresponding  to  the  human 
wild-type  ER-y?  mRNA  was  detected  in  the  normal 
human  tissues  (Fig.  5),  and  an  inserted  ER-yff  variant  was 
similarly  not  detected  in  ten  human  ER-fi  RNA  positive 


breast  tumor  samples  (Dotzlaw  et  al.,  1997)  (data  not 
shown).  The  data  shown  in  Fig.  5  suggest  that  the 
inserted  transcript  is  predominant  in  both  mouse  mam¬ 
mary  gland  and  uterus,  while  similar  levels  of  each 
transcript  occur  in  the  mouse  ovary.  It  should  be  noted 
that  the  primers  used  in  this  latter  analysis  (Fig.  5)  were 
designed  to  detect  the  mouse  ER-y?  wild-type  and  the 
inserted  transcript.  Thus  only  two  competing  PCR  prod¬ 
ucts  are  obtained,  and  measurement  of  relative  expres¬ 
sion  using  such  an  approach  has  been  validated 
previously  (Daffada  et  al,  1994;  Leygue  et  al,  1996).  This 
is  in  contrast  to  the  primer  set  used  in  Fig.  3  which  detects 
up  to  five  PCR  products,  is  designed  for  the  study  of 
relative  patterns  of  expression  and  is  unlikely  to  accu¬ 
rately  reflect  the  relative  expression  of  any  two  individual 
species  under  such  conditions. 
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Fig.  5.  Amplification  of  human  and  murine  cDNAs  using  exon  5  and 
6  primers.  Total  RNA  extracted  from  normal  human  (top  panel)  or 
mouse  (bottom  panel)  breast  tissues  (1-2),  ovaries  (3-4)  and  uteri 
(5-6)  was  reverse  transcribed  and  PCR  amplification  was  carried  out 
using  primers  located  in  exons  5  and  6.  The  PCR  product  obtained  in 
human  tissues  migrated  at  the  size  of  160  bp  corresponding  to  ER-y^ 
wild-type  (WT).  PCR  products  obtained  in  mouse  tissues  migrated  at 
the  sizes  of  177  and  123  bp,  corresponding  to  a  54  bp  inserted  ER-y? 
variant  (54  bp  Ins)  and  ER-yff  wild-type  (WT),  respectively. 
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A  possible  mechanism  associated  with  the  frequent 
inclusion  of  the  inserted  sequences  in  mouse  ER-y? 
transcripts  may  be  the  presence  of  several  putative 
exonic  splicing  enhancer  sequences  within  the  insertion 
sequences  (Cooper  and  Mattox,  1997;  Coulter  et  al., 
1997).  Both  purine  rich  motifs  and  A/C-rich  splicing 
enhancer  sequences  are  present  (brackets  in  Fig.  4).  The 
frequent  inclusion  of  the  inserted  sequences  in  mouse 
ER-yS  transcripts,  and  their  presence  in  several  tissues  at 
comparable  levels  with  the  wild-type  transcript  suggest 
that  the  protein  encoded  by  the  inserted  transcript  has 
a  functional  role,  at  least  in  the  mouse  and  rat  (Chu  and 
Fuller,  1997).  The  putative  function  of  a  protein  encoded 
by  the  inserted  mouse  ER-y5  transcript  is  unknown,  and 
since  the  insertion  is  in  the  middle  of  the  ligand  binding 
domain,  it  may  either  disrupt  binding  completely  or 
result  in  a  different  ligand  binding  specificity  and/or 
affinity.  Further,  the  insertion  may  effect  the  three 
dimensional  structure  of  the  ER-domain  such  that  alter¬ 
ations  in  dimerization,  transactivation  and  interaction 
with  co-regulators  may  also  occur.  This  could  result  in 
the  inserted  ER-y9  having  a  regulatory  function  on  the 
wild-type  ER-y^  as  previously  suggested  (Chu  and  Fuller, 
1997),  or  may  completely  alter  its  ability  to  heterodimer- 
ize  and  affect  the  activity  of  ER-a  (Cowley  et  al.,  1997). 
The  lack  of  detection  of  a  similar  inserted  ER-^  tran¬ 
script  in  human  tissues  may  be  due  to  hormonal  differ¬ 
ences  at  the  time  of  tissue  collection  between  the  mouse 
and  human  subjects,  or  to  a  real  species  difference  in 
alternative  splicing.  In  the  latter  instance  differences  in 
alternative  splicing  between  mouse  and  human  with 
regard  to  a  steroid  hormone  receptor  have  been  previ¬ 
ously  documented  (Oakley  et  al.,  1996;  Otto  et  al.,  1997). 
Similarly,  inserted  sequences  within  the  ligand  binding 
domain  of  ER-a  have  also  been  reported  (Murphy  et  al., 
1996).  In  contrast  with  the  inserted  ER-y5  mRNA,  the 
inserted  ER-a  mRNA  was  detected  in  one  human  breast 
tumor  sample,  and  was  due  to  a  point  mutation  in  one 
allele  of  the  human  ER-a  gene  present  in  the  breast 
tumor  (Wang  et  al.,  1997). 

In  summary,  in  this  report  deletion  splice  variants  of 
ER-y?  have  been  characterized  for  the  first  time  in  several 
mouse  and  human  tissues,  both  normal  and  neoplastic. 
An  inserted  splice  variant  of  the  ER-y5  mRNA,  previ¬ 
ously  identified  in  the  rat,  has  been  confirmed  in  several 
mouse  tissues.  This  inserted  variant  was  undetected  in 
any  human  tissues  analyzed,  suggesting  species  specific 
differences  in  its  expression. 
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Abstract 

Using  a  multiplex  reverse  transcription-PCR  assay,  we  compared  the 
expression  of  estrogen  receptor  (£R)  a  and  ER-/3  mRNA  between 
:nt  samples  of  normal  breast  tissue  and  matched  primary  breast 
tumors  obtained  from  18  different  patients.  Within  this  cohort,  7  tumors 
were  £R  negative,  and  11  tumors  were  £R  positive,  as  determined  by  the 
ligand  binding  assay.  No  differences  in  the  ratio  of  £R-a:ER-^  expression 
were  observed  in  the  ER>negative  cohort  However,  in  the  ER-positive 
cohort,  a  significantly  (P  <  0.02)  higher  ER-a:ER-/3  ratio  was  observed  in 
the  tumor  compared  with  that  of  the  normal  tissue  component  Our  data 
revealed  that  the  increase  in  the  ER-of:£R-/3  ratio  was  due  primarily  to  a 
significant  (P  <  0.05)  increase  in  ER-a  mRNA  expression  in  conjunction 
with  a  lower  ER-J3  mRNA  expression  in  the  tumor  compared  with  that  of 
r’v  normal  compartment  in  some,  but  not  all,  ER-positive  cases.  These 
.  ults  suggest  that  the  role  of  ER-a-  and  ER-p-driven  pathways  and/or 
their  interaction  change  during  breast  tumorigenesis. 

Introduction 

Until  recently,  estrogen  action  was  thought  to  be  mediated  princi¬ 
pally  through  a  single  ER^,  ER-a,  a  member  of  the  steroid/thyroid/ 
retinoic  acid  receptor  superfamily  (1).  As  with  other  members  of  the 
family,  the  ER-a  protein  consists  of  several  structural  and  functional 
domains  (A-F).  The  NH2-terminal  transactivation  function  (AF-1)  of 

e  receptor  is  located  within  the  A-B  regions,  whereas  the  DNA 
binding,  the  ligand-binding  domain,  and  the  second  transactivation 
function  (AF-2)  reside  in  the  C  and  E  regions  of  the  molecule, 
respectively  (2).  Upon  ligand  binding,  conformational  changes  occur, 
and  two  ER-a  molecules  complexed  with  the  hormone  bind  specifi¬ 
cally  to  EREs  located  upstream  of  target  genes.  Interactions  between 
ER-a  and  accessory  proteins  ultimately  lead  to  the  modification  of  the 
transcription  of  these  genes  (3).  Similarly,  the  ER-o/estrogen  complex 
can  interact  with  c-fos/c-jun  complexes  to  activate  the  transcription  of 
target  genes  through  activator  protein  1  enhancer  elements  (4).  Re¬ 
cently,  a  second  ER,  ER-/3,  was  identified  in  the  human,  rat,  and 
mouse  (5*-7).  ER-/3  shares  a  similar  structural  and  functional  compo¬ 
sition  with  ER-a  and  was  also  shown  to  activate  the  transcription  of 
target  genes  through  similar  EREs  (5,  8).  However,  differential  acti¬ 
vation  of  ER-a  and  ER-jS  by  the  antiestrogen  4-hydrox3rtamoxifen  has 
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been  shown  with  ERE-regulated  reporter  genes  (9),  and  the  two  ERs 
also  show  differential  activation  of  activator  protein  1 -regulated  re¬ 
porter  genes  (10),  suggesting  different  roles  for  these  two  receptors.  In 
addition,  because  heterodimerization  of  ER-a  and  ER-J3  has  been 
demonstrated  ex  vivo,  putative  cross-talk  of  the  two  signaling  path¬ 
ways  has  been  suggested  (1 1).  The  tissue-specific  expression  of  ER-a 
and  ER-j3,  although  not  identical,  shows  some  overlap.  It  has  therefore 
been  speculated  that  estrogen  action  in  a  given  tissue  may  depend  on 
the  relative  expression  of  these  two  receptors. 

The  recent  demonstration  of  ER-j8  expression  in  both  human  breast 
tumors  (12-14)  and  normal  human  breast  tissue  (14, 15)  suggests  that 
the  well-documented  role  of  estrogen  in  breast  tumorigenesis  (16) 
may  also  involve  both  receptors.  To  determine  whether  altered  ex¬ 
pression  of  these  two  receptors  might  occur  during  breast  tumorigen¬ 
esis,  we  have  compared  the  relative  expression  of  ER-a  and  ER-)3 
mRNAs  in  normal  human  breast  tissues  adjacent  to  matched  primary 
breast  tumors. 

Materials  and  Methods 

Human  Breast  Tissues  and  Cell  Line.  Eighteen  cases  were  selected  from 
the  National  Cancer  Institute  of  Canada-Manitoba  Breast  Tumor  Bank  (Win¬ 
nipeg,  Manitoba,  Canada).  For  each  case,  matched  adjacent  normal  and  tumor 
frozen  tissue  blocks  were  available.  The  quality  of  each  block  was  determined 
by  the  histopathological  assessment  of  sections  from  adjacent  mirror  image 
paraffin-embedded  tissue  blocks,  as  described  previously  (17).  The  presence  of 
normal  ducts  and  lobules  (median  n  =  6;  range,  2-13)  as  well  as  the  absence 
of  any  atypical  lesion  was  confirmed  in  all  normal  tissue  specimens.  Seven 
tumors  were  ER  negative  (ER  <  3  finol/mg  protein),  with  progesterone 
receptor  values  ranging  from  2.2-11.2  fmol/mg  protein,  as  measured  by  the 
ligand  binding  assay.  Eleven  tumors  were  ER  positive  (range,  3.5-159 
finol/mg  protein),  with  progesterone  receptor  values  ranging  from  5.8-134 
finol/mg  protein.  These  tumors  spanned  a  wide  range  of  grade  (grade,  5-9), 
which  was  determined  using  the  Nottingham  grading  system.  For  all  normal 
and  tumor  samples,  the  percentage  of  epithelial  cells,  stromal  component,  and 
fat  has  been  estimated  by  observation  of  the  adjacent  paraffin-embedded 
sections.  For  normal  tissue,  the  median  of  the  percentage  of  epithelial  cells, 
stroma,  and  fat  observed  within  the  sections  was  10  (range,  5-30%),  50  (range, 
5-85%),  and  40%  (range,  5-90%),  respectively.  For  tumor  tissues,  the  median 
of  the  percentage  of  epithelial  tumor  cells,  normal  epithelial  cells,  stroma,  and 
fat  within  the  sections  was  40  (range,  20-60%),  2.5  (range,  0-10%),  37.5 
(range,  20-  65%),  and  20%  (range,  10-50%),  respectively.  Three  tumors  (Tl, 
T2,  and  T3)  shown  in  a  previous  study  (12)  to  express  low  ER-^/high  ER-ot, 
high  ER-]3/low  ER-a,  and  high  ER-|3/high  ER-a  mRNA  levels,  respectively, 
were  used  to  validate  a  multiplex  RT-PCR  that  was  designed  to  determine  the 
relative  expression  of  ER-a:ER-/3  mRNA.  MDA-MB-231  cells  were  grown 
and  harvested,  and  the  cell  pellets  were  stored  at  -“70®C,  as  described  previ¬ 
ously  (12).  Total  RNA  was  extracted  from  20  fim  of  frozen  tissue  sections  (15- 
and  5-/jtm  sections  for  normal  and  tumor  breast  tissue,  respectively)  or  cell 
pellets  using  Trizol  reagent  (Life  Technologies,  fiic..  Grand  Island,  NY) 
according  to  the  manufacturer’s  instructions.  One  /ig  of  total  RNA  was 
reverse-transcribed  in  a  final  volume  of  25  pX  as  described  previously  (12). 

Primers  and  PCR  Conditions.  The  primers  used  consisted  of  ER-^-U 
primer  [S'-GTCCATCGCCAGTTATCACATC-S'  (sense),  located  in  ER-0 
130-1511  and  ER-/3-L  primer  [5'-GCCTTACATCCTTCACACGA-3'  (anti- 
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sense),  located  in  ER-^  371—352].  The  nucleotide  positions  given  correspond 
to  published  sequences  of  human  ER-/3  cDNA  (5).  The  other  pair  of  primers 
used  consisted  of  ER-a-U  primer  [5'-TGTGCAATGACTATGCTTCA-3' 
(sense),  located  in  ER-a  792-811]  and  ER-a-L  primer  [5'-GCTCTTCCTC- 
CTGTnTTA-3'  (antisense),  located  in  ER-a  940-922].  The  nucleotide  po¬ 
sitions  given  correspond  to  published  sequences  of  human  ER-a  cDNA  (1). 
PCR  amplifications  were  performed,  and  PCR  products  were  analyzed  as 
described  previously,  with  minor  modifications  (12).  Briefly,  1  /il  of  reverse 
transcription  mixture  was  amplified  in  a  final  volume  of  15  fjl  in  the  presence 
of  1  fiCi  of  [oi-^^P]dCrP  (3000  Ci/mmol),  2  ngZ/il  ER-a-U/ER-a-L  and/or  4 
ng/fil  ER-^-U/ER-^-L,  and  0.3  unit  of  Taq  DNA  polymerase  (Life  Technol¬ 
ogies,  Inc.).  Each  PCR  consisted  of  30  cycles  (30  s  at  94‘’C,  30  s  at  60°C,  and 
30  s  at  72X).  PCR  products  were  then  separated  on  6%  polyacrylamide  gels 
containing  7  m  urea.  After  electrophoresis,  the  gels  were  dried  and  autoradio- 
graphed.  Amplification  of  the  ubiquitously  expressed  GAPDH  cDNA  was 
performed  in  parallel,  and  PCR  products  were  separated  on  agarose  gels 
stained  with  ethidium  bromide  as  described  previously  (12).  PCR  products 
were  subcloned  and  sequenced  as  described  previously  (12). 

Multiplex  PCR  Validation.  Total  RNA  was  extracted  from  MDA-MB- 
231  cells  previously  shown  to  express  very  low  ER-a  but  higher  ER-jS  mRNA 
levels  (12)  and  from  tumors  Tl,  T2,  and  T3,  the  characteristics  of  which  are 
described  above.  In  the  first  series  of  experiments,  six  cDNA  preparations  were 
prepared  that  contained  varying  percentages  of  MDA-MB-231  and  tumor  Tl 
cDNA  by  mixing  10,  8,  6,  4,  and  0  yA  of  MDA-MB-231  cDNA  with  0,  2,  4, 
6,  8,  and  10  yl  of  tumor  Tl  cDNA  (0,  20,  40,  60,  80,  and  100%  Tl  cDNA, 
respectively).  The  same  experiment  was  reproduced  using  a  10-foId  dilution  of 
these  six  cDNA  preparations.  A  second  series  of  experiments  was  performed 
in  which  the  six  cDNA  preparations  contained  a  constant  amount  of  MDA- 
MB-231  cDNA  (5  ^1)  and  0, 1, 2, 3, 4,  and  5  /x,l  of  Tl  cDNA  in  a  final  volume 
of  10  yX  (0,  10,  20,  30,  40,  and  50%  Tl  cDNA,  respectively).  A  third  series  of 
experiments  contained  six  cDNA  preparations  in  which  the  amount  of  Tl 
cDNA  was  held  constant  (5  /xl)  with  increasing  amounts  of  0,  1,  2,  3,  4,  and 
5  y\  of  MDA-MB-231  cDNA  in  a  final  volume  of  10  y\  (0, 10, 20,  30, 40,  and 
50%  MDA-MB-231  cDNA,  respectively).  Finally,  1  yl  of  Tl,  T2,  and  T3 
cDNA  was  amplified  independently  for  22,  26,  30,  and  34  cycles.  In  every 
case,  PCR  products  were  separated  on  6%  polyacrylamide  gels  containing  7  M 
urea.  After  electrophoresis,  the  gels  were  dried  and  autoradiographed.  Signals 
were  quantified  by  excision  of  the  appropriate  bands,  the  addition  of  5  ml  of 
scintillant  aCN  Pharmaceuticals,  Inc.,  Irvine,  CA),  and  counting  in  a  scintil¬ 
lation  counter  (Beckman  Instruments). 

Quantification  and  Statistical  Analyses.  To  quantitate  ER-a  mRNA  ex¬ 
pression  relative  to  ER-p  mRNA  expression,  coamplification  of  ER-a  and 
ER-p  cDNAs  was  performed  using  the  multiplex  PCR  described  above. 
Quantification  of  the  signals  was  carried  out  by  the  excision  of  the  bands 
corresponding  to  ER-a  and  ER-p  cDNAs,  the  addition  of  scintillant,  and 
scintillation  counting.  Three  independent  PCRs  were  performed.  To  control  for 


Results 

Multiplex  PCR  as  an  Approach  to  Determine  the  Relative 
Expression  of  ER-a  and  ER-/3.  To  determine  the  relative  expression 
of  ER-a  and  ER-j3  mRNA  within  any  individual  sample,  we  used  a 
multiplex  PCR  assay.  In  this  assay,  two  set  of  primers  are  added  to 
each  individual  PCR,  thus  allowing  the  coamplification  of  both  ER-a 
and  ER-P  cDNA  in  a  single  tube  and  therefore  eliminating  variation 
introduced  due  to  differences  in  cDNA  loading.  To  determine  whether 
the  results  obtained  from  the  multiplex  PCR  assay  directly  reflected 
the  initial  ER-a:ER-j8  cDNA  ratio,  a  series  of  preliminary  experi¬ 
ments  was  conducted.  In  these  experiments,  four  different  cDNA 
preparations  were  used.  MDA-MB-231  cells,  breast  tumor  Tl,  breast 
tumor  T2,  and  breast  tumor  T3  had  been  previously  shown  to  contain 
high  ER-j3/low  ER-a,  very  low  ER-)3/high  ER-a,  high  ER-j3/low 
ER-a,  and  high  ER-j3/high  ER-a  mRNA  levels,  respectively  (12).  The 
first  experiment  consisted  of  the  multiplex  amplification  of  spiked 
cDNA  preparations  containing  various  percentages  of  MDA-MB-231 
and  Tl  cDNAs  (Fig.  1).  As  shown  in  Fig.  lA,  the  PCR  signal 
corresponding  to  ER-j3  in  MDA-MB-231  cells  decreased  with  de¬ 
creasing  input  of  MDA-MB-231  cDNA,  and  the  ER-a  signal  in¬ 
creased  with  increasing  input  of  Tl  cDNA.  Quantification  of  the 
ER-a:ER-)S  ratio  signals  was  plotted  as  a  function  of  the  percentage  of 
Tl  cDNA  input  (Fig.  IR).  A  direct  relationship  was  found.  Similar 
results  were  obtained  using  a  10-fold  dilution  of  the  cDNA  prepara¬ 
tions  (data  not  shown).  Using  a  constant  amount  of  MDA-MB-231 
cDNA  plus  or  minus  increasing  amounts  of  Tl  cDNA  (containing 
primarily  ER-a  cDNA),  a  linear  increase  in  the  ER-a:ER-j3  ratio  with 
increasing  ER-a  input  (Tl  cDNA)  was  found  (Fig.  2,  A  and  B),  An 
inverse  but  linear  relationship  was  obtained  using  a  constant  amount 
of  Tl  cDNA  and  increasing  amounts  of  MDA-MB-231  cDNA  input 
(data  not  shown).  Finally,  the  rank  of  ER-a:ER-j8  ratios  in  Tl,  T2,  and 
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variations  between  experiments,  a  value  of  100%  was  assigned  to  the  highest 
signal  measured  in  each  set  of  PCR  experiments,  and  all  signals  were  ex¬ 
pressed  as  a  percentage  of  this  signal.  Indeed,  the  same  tissue  sample  showed 
the  highest  signal  in  all  experiments.  For  each  sample,  the  ER-a:ER-/3  ratio 
was  calculated.  Differences  between  averages  of  log(ER-a:ER-/3)  obtained  for 
matched  normal  and  tumor  compartments  were  tested  using  the  two-tailed 
Wilcoxon  signed  rank  test. 

Evaluation  of  ER-a  and  ER-/3  mRNA  expression  was  performed  by 
independent  amplification  of  both  ER-a  and  ER-^  cDNA,  i.e.  using  ER-a- 
or  ER-0-specific  primers.  Two  independent  PCRs  were  performed.  To 
control  for  variations  between  experiments,  all  signals  were  expressed  as  a 
percentage  of  the  highest  signal  observed.  In  parallel,  GAPDH  cDNA  was 
amplified,  and  after  analysis  of  the  PCR  products  on  prestained  agarose 
gels,  the  signals  were  quantified  by  scanning  using  NIH  Image  161/ppc 
software.  Each  GAPDH  signal  was  also  expressed  as  a  percentage  of  the 
highest  signal  observed  in  the  experiment.  The  average  of  ER-a  and  ER-p 
signals  was  then  expressed  as  a  percentage  of  the  GAPDH  signal.  Differ¬ 
ences  between  matched  normal  and  tumor  elements  were  tested  using  the 
two-tailed  Wilcoxon  signed  rank  test.  Correlations  were  tested  by  calcula¬ 
tion  of  the  Spearman  coefficient  (r). 
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Fig.  1.  Multiplex  amplification  of  MDA-MB-231  (low  ER-o/high  ER-/3  content)  and 
tumor  Tl  (low  ER-j8/high  ER-a  content)  cDNA  mixed  preparations.  An  aliquot  of 
solutions  containing  an  increasing  amount  of  tumor  Tl  cDNA  and  a  decreasing  amount  of 
MDA-MB-231  cDNA  was  prepared  and  amplified  by  PCR  using  ER-a-  and  ER-^- 
specific  primers  in  a  single  lube,  and  PCR  products  were  separated  on  an  acrylamide  gel 
as  specified  in  “Materials  and  Methods.”  A,  autoradiograph  of  the  gel.  B,  the  ER-a:ER-^ 
ratio  is  expressed  as  a  function  of  the  percentage  of  tumor  Tl  cDNA  contained  in  the 
initial  preparation. 
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Fig.  2.  Multiplex  amplification  of  a  constant  amount  of  MDA-MB-231  (low 
ER-a/high  ER-^  content)  cDNA  an  increasing  amount  of  tumor  T1  (low  ER-^/ 
cDNA.  An  aliquot  of  solutions  containing  a  constant  amount  of 
MDA-MB-231  cDNA  and  an  increasing  amount  of  tumor  T1  cDNA  was  prepared, 
^plified  by  multiplex  PCR,  and  separated  on  an  acrylamide  gel  as  specified  in 
Matenals  and  Methods.”  A,  autoradiograph  of  the  gel.  B,  the  ER-a:ER-^  ratio  signals 
is  expressed  as  a  function  of  the  percentage  of  tumor  T1  cDNA  contained  in  the  initial 
preparation. 


T3  using  the  multiplex  PCR  assay  was  not  affected  by  the  number  of 
cycles  used  for  the  PCR  over  a  range  of  22-34  cycles.  The  ranking 
was  similar  to  that  deduced  using  several  independent  PCR  determi¬ 
nations  of  the  ER-a  and  ER-/3  mRNA  levels,  i.e.  T1  ER-a:ER-j3  >  T3 
ER-a:ER-^  >  T2  ER-a:ER-p  (data  not  shown).  Multiplex  PCR 
performed  under  the  described  conditions  therefore  seemed  to  be  a 
reliable  method  with  which  to  compare  small  tissue  samples  for  their 
relative  expression  of  ER-a  and  ER-/3  mRNA. 

Comparison  of  the  Relative  Expression  of  ER-a:ER-/3  mRNA 
in  Adjacent  Normal  Breast  Tissue  and  Matched  Primaiy  Breast 
Tumors.  To  determine  whether  alterations  may  occur  in  the  contri¬ 
bution  of  ER-a  and  ER-^  signaling  during  breast  tumorigenesis,  the 
relative  expression  of  ER-a  and  ER-^  mRNA  was  measured  in 
matched  normal  and  primary  tumor  tissues  from  18  different  patients. 
Within  the  cohort  of  tumors  studied,  7  tumors  were  ER  negative,  and 
11  tumors  were  ER  positive,  as  determined  by  the  ligand  binding 
assay.  Total  RNA  was  extracted  from  the  frozen  tissue  sections  and 
analyzed  by  multiplex  RT-PCR.  Examples  of  the  results  obtained  are 
shown  in  Fig.  3A.  In  both  normal  and  tumor  compartments,  two  PCR 
products  migrating  at  an  apparent  size  of  242  and  149  bp  were 
obtained.  These  PCR  products  were  identified  by  cloning  and  se¬ 
quencing  to  correspond  to  ER-J3  and  ER-a  cDNA,  respectively.  ER-a 
and  ER-^  signals  obtained  in  three  independent  multiplex  PCRs  were 
quantified  as  described  in  “Materials  and  Methods.”  The  ER-a:ER-/3 
ratio  was  calculated  for  each  sample,  and  the  results  for  each  matched 
sample  are  presented  in  Fig.  4A.  Considering  all  cases  together,  no 
sigmficant  change  in  the  ER-a:ER-j3  ratio  was  observed  between 
normal  and  tumor  compartments.  The  cases  were  then  divided  into 
two  groups  based  on  the  ER  positivity  of  their  tumors.  Once  again, 
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Fig.  3.  RT-PCR  analysis  of  ER-a  and  ER-j3 
expression  within  matched  normal  and  tumor  com¬ 
partments  of  human  breast  tumors.  Total  RNA  was 
extracted  from  matched  normal  (N)  and  tumor  (7) 
compartments  of  ER-positive  (£/?+)  or  ER-nega- 
tive  (ER—)  tumors,  as  determined  by  ligand  binding 
assay.  Corresponding  cDNA  was  amplified,  and 
PCR  products  were  separated  on  an  aciylamide  gel, 
as  described  in  “Materials  and  Methods.”  PCR  was 
performed  using:  A,  ER-a  and  ER-p  primer  sets  in 
a  single  tube  (multiplex  PCR);  B,  ER-j3-specific 
primers  only;  C,  ER-a-specific  primers  only.  D,  for 
each  sample,  GAPDH  cDNA  was  amplified  in  par¬ 
allel,  and  PCR  products  were  separated  on  an  aga¬ 
rose  gel,  as  described  in  "Materials  and  Methods.” 

Af.  molecular  weight  marker  (<;>xI74  RF  DNA/ 

Haem  fragments;  Life  Technologies,  Inc.). 
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Fig.  4.  Quan^cation  of  ER-a  and  ER-^  expression  within  matched  normal  and  tumor 
compartmenB  of  human  breast  tumors.  Total  RNA  extracted  from  matched  normal  (□) 
and  tumor  (■)  compartments  of  ER-positive  (ER+)  or  ER-negative  (ER-)  tumors  was 
mv^e-ti^scnbed  »d  PCR-amplified.  and  PCR  products  were  separated  on  an  acryb 
amde  gel  as  descnbed  m  “Materials  and  Methods.”  Signals  have  been  quantified  Md 

r^ex  “b  pfl  ”  w  ”  -1.  ER-a:ER-i3  ratio  obtained  after 

multiplex  B  m-p  signals  obtained  after  PCR  was  performed  using  ER-S-specific 
pnmers  oidy.  C  ER-a  signals  obtained  after  PCR  was  performed  using  ER-^s^iL 
^  as  assessed  by  ligand  binding  as^,  is 

I^erences  between  matched  normal  and  tumor  compart¬ 
ments  m  ER-posmve  cases  were  tested  using  the  two-tailed  Wilcoxon  signed  rank  test 


within  the  ER-negative  cohort,  no  difference  in  the  ER-a:ER-j3  ratio 
was  seen  between  normal  tissue  and  matched  tumors.  In  contrast,  in 
the  ER-positive  tumor  group,  a  significant  increase  (two-tailed 
Wilcoxon  signed  rank  test,  P  <  0.02)  in  the  ER-a;ER-/3  ratio  was 
observed  in  the  tumor  compartment  compared  with  that  of  the  normal 
compartment.  It  should  be  stressed  that  a  significant  coirelation  was 
found  between  the  ER-a:ER-^  ratio  observed  in  the  tumor  compart¬ 
ment  and  ER  status  by  binding  (Spearman  r  =  0.603;  P  <  0.01). 

Independent  Measurement  of  ER-a  and  ER./3  mRNA  Expres¬ 
sion  within  Matched  Normal  and  Tumor  Compartments.  The 
observed  increase  in  the  ER-a:ER-p  mRNA  ratio  of  ER-positive 
breast  tumors  versus  matched  normal  tissue  could  result  from  a 
decrease  in  the  absolute  levels  of  ER-jS  mRNA  and/or  an  increase  in 
the  absolute  ER-o  mRNA  levels  within  the  tumor  compartment  rel¬ 
ative  to  the  matched  normal  tissue.  To  distinguish  between  these 
possibilities,  the  ER-^  and  ER-a  mRNA  levels  were  determined 
individually  in  each  sample  by  RT-PCR,  using  either  ER-^-specific 
pnmers  or  ER-a-specific  primers.  Examples  of  the  results  obtained 
are  shown  in  Fig.  3,  B  and  C,  respectively.  In  parallel,  amplification 
i  expressed  GAPDH  cDNA  was  also  performed 

(Fig.  ZD).  For  each  sample,  the  ER-/3  and  ER-a  cDNA  signals  were 
qumufied,  and  the  average  of  signals  obtained  in  two  independent 
PCRs  was  normalized  to  the  GAPDH  signal,  as  described  in  “Mate-  ( 
nals  and  Methods.”  The  results  are  shown  in  Fig.  4,  B  and  C,  for  ER-8  ( 

and  ER-a,  respectively.  No  significant  change  in  ER-/3  or  ER-a  I 

mRNA  expression  was  observed  between  the  normal  and  tumor 
compartments  within  the  ER-negative  cases.  Although  the  difference 
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did  not  reach  stafistical  significance  (P  >  0.05),  ER-j3  mRNA  expres¬ 
sion  was  higher  in  the  normal  compartment  versus  the  matched  tumor 
component  in  8  of  1 1  (72%)  ER-positive  cases.  A  significant  (two- 
tailed  Wilcoxon-signed  rank  test,  P  <  0.05)  increase  in  ER-a  mRNA 
expression  was  measured  in  the  tumor  compartment  of  ER-positive 
tumors  compared  with  that  of  the  matched  normal  tissues.  ER-a  and 
B  ER-^  signals  observed  in  normal  or  tumor  compartments  did  not 
correlate  with  the  ceUular  composition  of  the  section  analyzed,  ie 
percentage  of  normal  epithelial  cells,  tumor  epithelial  cells,  stroma,  or 
fat  (data  not  shown).  One  should  note  that  although  not  statistically 
significant,  trends  toward  an  association  between  ER  status  by  binding 
and  ER-a  (Spearman  r  =  0.397;  P  =  0.10)  and  ER-/3  (Spearman 
^  ~  0.4254;  P  =  0.07)  have  been  observed. 

L 

■  Discussion 

The  discovery  of  the  expression  of  a  second  ER  in  both  normal  and 
neoplastic  human  mammary  tissues  (12-15),  together  with  the  known 
perturbations  of  estrogen  and  antiestrogen  sensitivity  during  breast 
tumorigenesis  and  breast  cancer  progression  (16, 18-21),  necessitates 
an  investigation  of  the  function  of  ER-j3  in  human  mammary  tissue 
.  md  a  reevaluation  of  the  estrogen  signal  transduction  system  in  these 
I  tissues.  We  have  used  a  multiplex  assay  in  which  ER-a  and  ER-jS 
cDNA  are  amplified  in  the  same  reaction  to  investigate  the  relative 
expression  of  ER-a  and  ER-^  mRNAs  between  adjacent  samples  of 
normal  breast  tissue  and  matched  primary  breast  tumors.  The  choice 
of  an  RT-PCR-based  approach  to  address  the  question  of  the  relative 
expression  of  both  receptors  has  been  dictated  by  several  parameters: 
(a)  the  absence  of  any  publication  to  date  using  antibodies  to  detect 
ER-P  protein  in  human  breast  tissue  suggests  that  reUable  antibodies 
are  not  yet  available  for  this  purpose;  and  (ft)  the  expression  of  ER-^ 
mRNA  is  relatively  low  in  breast  tissue,  as  demonstrated  by  the  time 
needed  to  observe  a  signal  in  epithelial  human  breast  cells  in  in  situ 
hybndization  sttidies  (14)  and  by  much  weaker  signals  obtained, 
compared  with  ER-a,  when  analyzing  breast  tissue  samples  by  RNase 
protection  assay.^  The  multiplex  PCR  assay  developed  here  seems  to 
be  a  reliable  method  with  which  to  compare  tissue  samples  for  their 
relative  expression  of  ER-a  and  ER-/3  mRNA.  It  should  be  stressed, 
however,  that  despite  the  good  overall  correlation  coefficient  ob¬ 
served,  samples  with  an  ER-a:ER-)3  ratio  of  <2  may  be  less  reliably 
compared  with  each  other  (Fig.  2).  This  could  possibly  be  a  limitation 
of  the  multiplex  approach,  which  would  likely  have  a  higher  impact 
when  comparing  ER-negative  tumors,  in  which  ER-a  is  known  to  be 
weakly  expressed.  Such  a  Umitation  of  multiplex  PCR  analysis  of 
genes  expressed  at  very  low  levels  has  previously  been  reported  and 
may  be  circumvented  by  increasing  cDNA  input  (22). 

Our  data  show  that  in  the  cohort  of  patients  whose  tumors  are  ER 
positive  by  ligand  binding,  the  ratio  of  ER-a;ER-/3  is  significantly 
higher  in  breast  tumors  than  it  is  in  adjacent  normal  tissues.  This 
difference  seems  mainly  due  to  an  up-regulation  of  ER-a  mRNA 
levels  within  the  tumor  compartment.  This  observation  is  in  agree¬ 
ment  with  previous  published  data  showing  a  generally  higher  expres¬ 
sion  of  ER-a  detected  immunohistochemically  in  ER-positive  breast 
tumors  than  in  normal  breast  tissue  (see  Ref.  23  and  references 
herein).  However,  it  is  possible  that  down-regulation  of  ER-^  expres¬ 
sion  in  the  tumor  tissue  may  also  contribute  to  the  altered  ratio  in 
some  tumors.  Although  the  difference  did  not  reach  statistical  signif¬ 
icance,  72%  of  the  ER-positive  cohort  showed  a  trend  in  which  ER-jS 
expression  was  lower  in  the  tumor  when  compared  with  the  normal 
compartment.  The  study  of  larger  numbers  of  cases  will  be  necessary 
to  confirm  this  trend.  Similarly,  although  no  coirelations  have  been 


*  Unpublished  observation. 
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observed  between  the  expression  of  ER-a  and  ER-]3  assessed  by 
targeted  PCR  and  the  cellular  composition  of  the  sections  analyzed, 
one  cannot  exclude  the  possibility  that  such  relationships  might  exist. 
The  study  of  a  larger  number  of  samples  will  also  clarify  this  issue.  If 
these  RNA  studies  are  paralleled  at  the  protein  level,  then  our  data 
su2gest  that  a  significant  change  in  the  ratio  of  these  two  ERs  occurs 
en  normal  and  neoplastic  breast  tissues.  This  would  further 
^-^,^ost  that  the  contribution  of  ER-a-  and  ER-j3-driven  pathways 
and/or  their  interactions  changes  in  conjunction  with  breast  tumori- 
genesis.  The  hypothesis  that  such  changes  in  ER-a  and  ER-j3  signal¬ 
ing  pathways  may  occur  during  tumorigenesis  is  also  supported  by  the 
recent  observations  of  Brandenberger  et  al  (24).  These  authors 
showed  that  ER-a  mRNA  expression  is  equal  or  slightly  higher  in 
ovarian  cancer  tissues  compared  with  normal  ovary  tissues,  and  ER-j8 
mRNA  expression  is  decreased  in  ovarian  tumor  tissue.  The  meas¬ 
urement  of  the  ER-a:ER-j3  ratio  correlated  with  ER  status  as  assessed 
ligand  binding  assay.  Moreover,  trends  toward  a  positive  correla¬ 
tion  between  ER-a  and  ER  status  and  toward  a  negative  correlation 
between  ER-J3  and  ER  status  were  observed.  Together,  these  data 
suggest  that  ligand  binding  is  mainly  due  to  the  ER-a  protein. 

We  have  previously  observed  that  the  apparent  ER-a:ER-]3  ratio  in 
breast  tumors  varies  widely  (12).  Our  current  results  using  the  mul¬ 
tiplex  RT-PCR  approach  confirm  and  support  these  previous  obser¬ 
vations.  Given  the  differential  activity  of  tamoxifen-like  antiestrogens 
through  ER-a  and  ER-j3,  it  is  tempting  to  speculate  that  altered  ratios 
of  these  receptors  may  be  a  possible  mechanism  associated  with 

amoxifen  resistance. 

In  conclusion,  our  results  provide  evidence  to  support  the  hypoth¬ 
esis  that  altered  ER-a  and  ER-)3  expression  may  have  a  significant 
role  in  alterations  of  estrogen  action  that  occur  during  human  breast 
cancer. 
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Summary  We  have  shown  previously  that  the  relative  expression  of  a  truncated  oestrogen  receptor-a  variant  mRNA  (ER  done  4)  is 
significantly  Increased  in  axillary  node-positive  primary  breast  tumours  compared  with  node-negative  tumours.  In  this  study,  we  have 
examined  the  relative  expression  of  clone  4-truncated.  exon  5-deleted  and  exon  7-deleted  oestrogen  receptor-a  variant  mRNAs  in  15  primary 
breast  tumour  samples  and  in  synchronous  axillary  lymph  node  metastases.  Overall,  there  were  no  significant  differences  between  the 
primary  tumours  and  the  matched  metastases  in  the  relative  expression  of  these  three  specific  variant  mRNAs.  Furthermore,  the  pattern  of  all 
deleted  oestrogen  receptor-a  variant  mRNAs  appeared  conserved  between  any  primary  and  Its  matched  secondary  tumour. 

Keywords:  oestrogen  receptor-a  variants;  breast  cancer,  metastasis 


Multiple  oestrogen  receptor-a  (ER)  mRNA  species  have  been 
identified  in  human  breast  cancer  samples  (Dowsett  et  al,  1997; 
Murphy  et  aJ,  1997rt,  b).  The  significance  of  these  variant  tran¬ 
scripts  remains  unclear.  Although  the  ability  to  detect  variant  ER 
proteins  encoded  by  such  variant  transcripts  remains  controversial 
(Park  et  al,  1996;  Desai  et  al,  1997;  Huang  et  al,  1997).  alteration 
of  expression  of  some  variant  ER  mRNAs  has  been  found  to  occur 
during  both  breast  tumorigenesis  (Leygue  et  al,  1996a,  b)  and 
breast  cancer  progression.  With  regard  to  the  latter,  we  showed 
previously  that  the  expression  of  the  truncated,  clone  4  variant 
(C4)  ER  mRNA  (Dotzlaw  et  al,  1992)  was  significantly  increased 
relative  to  wild-type  (WT)  ER  mRNA  in  a  group  of  primary  breast 
tumours  with  multiple  poor  prognostic  features  compared  with  a 
group  of  primary  breast  tumours  with  good  prognostic  features 
(Murphy  et  al.  1995).  The  ‘poor’  prognostic  features  were  defined 
as  the  presence  of  lymph  node  metastases  at  the  time  of  surgeiy, 
large  tumour  size,  lack  of  progesterone  receptor  (PR)  expression 
and  high  S-phase  fraction,  while  ‘good’  prognostic  features  were 
lack  of  nodal  involvement,  small  tumour  size,  PR  positivity  and 
low  S-phase  ^’action.  In  the  same  study,  the  relative  expression  of 
clone  4  ER  variant  mRNA  was  significantly  higher  in  primary 
breast  tumours  that  were  PR-  than  in  those  that  were  PR+ 
(Murphy  et  al,  1995).  This  suggested  that  altered  ER  variant 
expression  may  be  a  marker  of  a  more  aggressive  phenotype  and 
lack  of  endocrine  sensitivity  in  human  breast  cancer.  As  a  pre¬ 
requisite  to  addressing  such  a  possibility,  we  have  investigated  the 
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pattern  of  ER  variant  expression  in  a  cohort  of  primary  tumours 
and  their  matched,  concurrent  lymph  node  metastases. 

MATERIALS  AND  METHODS 

Tumour  selection  and  RNA  isolation 

Sections  from  15  frozen  primary  human  breast  tumour  samples 
and  their  matched  frozen  lymph  node  metastases  were  provided  by 
the  Manitoba  Breast  Tumour  Bank  (Winnipeg,  MB,  Canada).  For 
the  primary  tumour  samples,  the  ER  levels,  determined  by  ligand¬ 
binding  assays,  ranged  from  0.8  fmol  mg"*  protein  to  89  fmol  mg-* 
protein  with  a  median  value  of  17.5  fmol  mg’*  protein.  Thirteen 
tumours  were  ER+  and  two  were  ER-  (ER+  was  defined  as 
>3  fmol  mg”*  protein).  PR  levels  determined  by  ligand-binding 
assays  ranged  from  2.9  fmol  mg"*  protein  to  112  fmol  mg"*  protein 
with  a  median  value  of  12.6  fmol  mg’*  protein.  Nine  tumours  were 
PR+  and  6  were  PR-  (PR+  was  defined  as  >  10  fmol  mg’*  protein). 
ER  and  PR  values  were  available  for  only  four  of  the  lymph  node 
metastases  and  the  ER  and  PR  status  as  defined  by  ligand  binding 
did  not  differ  from  their  matched  primaiy  tumour.  RNA  was 
extracted  from  the  sections  using  Trizol  reagent  (Gibco/BRL, 
Ontario,  Canada)  according  to  the  manufacturer’s  instructions. 

For  validation  of  triple-primer  polymerase  chain  reactions 
(TP-PCR)  by  comparison  with  RNAase  protection  assays,  a 
second  cohort  of  human  breast  tumour  specimens  (25  cases)  was 
also  obtained  from  the  Manitoba  Breast  Tumour  Bank.  Twenty  of 
these  tumours  were  ER+,  as  determined  by  ligand-binding  assay, 
with  values  ranging  from  4.5  to  311  fmol  mg-*  protein  (median 
93  fmol  mg"*).  The  five  remaining  cases  were  ER-,  with  values 
ranging  from  0  to  1.8  fmol  mg’*  protein  (median  0.9  fmol  mg-*). 
Total  RNA  was  extracted  from  frozen  tissues  using  guanidinium 
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thiocyanate  as  previously  described  (Murphy  and  Dotzlaw,  1989). 
The  integrity  of  the  RNA  was  confirmed  by  denaturing  gel  elec¬ 
trophoresis  as  previously  described  (Murphy  and  Dotzlaw,  1989). 


Rfjl^se  protection  assay 


Antisense  riboprobes  spanning  the  point  at  which  the  C4  ER 
mRNA  sequence  diverges  from  the  WT  ER  mRNA  sequence 
(Dotzlaw  et  al,  1992)  were  synthesized  as  previously  described 
(Dotzlaw  et  al,  1990).  The  level  of  C4  ER  mRNA  and  WT  ER 
mRNA  in  10  |ig  of  total  RNA  was  determined  using  an  RNAase 
Protection  Assay  kit  (RPA  II.  Ambion,  Austin.  TX.  USA) 
following  the  manufacturer’s  instructions.  Briefly.  RNA  was 
denatured  at  80®C  for  5  min  in  the  presence  of  5  x  10^  d.p.m. 
labelled  riboprobe,  then  hybridized  at  42®C  for  16  h.  Following 
RNAase  digestion,  samples  were  electrophoresed  on  6%  acryl¬ 
amide  gels  containing  7  m  urea,  dried  and  autoradiographed. 

To  quantify  C4  and  WT  ER  mRNAs  within  breast  tumour 
samples,  a  standard  curve  was  established  in  each  assay.  C4  and  WT 
ER  mRNAs  (30.  125.  500  pg  C4  RNA  and  125.  500,  2000  pg  WT 
ER  RNA)  synthesized  using  T7  RNA  polymerase  were  purified  on  a 
Sephadex  G-50  column  and  quantitated  spectrophotometrically.  WT 
ER  RNA  was  transcribed  from  linearized  pHEO,  which  contains  the 
entire  WT  ER  coding  sequence  but  is  missing  the  3'-untranslated 
portion  of  the  ER  mRNA  [(kindly  provided  by  P  Chambon, 
Strasbouig.  France  (Green  et  al,  1986)].  Full-length  C4  RNA  was 
transcribed  from  linearized  pSK-C4  (Dotzlaw  et  al,  1992).  Standard 
RNAs  were  analysed  together  in  the  same  assay  as  the  breast  tumour 
mRNAs.  Bands  corresponding  to  the  C4  ER  mRNA  and  WT  ER 
mRNA  protected  fragments  were  excised  from  the  gel  and  counted 
after  addition  of  5  ml  scintillant  (ICN  Pharmaceuticals.  Inc.,  Irvine. 
CA,  USA)  in  a  scintillation  counter  (Beckman  Instruments.  Inc.. 
Fullerton,  CA,  USA).  For  each  sample,  absolute  amounts  of  C4  and 
WT  ER  mRNA  were  determined  from  the  standard  curve. 
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Reverse  transcription,  PCR  and  triple-primer  (TP)  PCR 

For  each  sample,  1  jig  of  total  RNA  was  reverse  transcribed  in  a 
final  volume  of  15  jil  as  described  previously  (Leygue  et  al. 
1996a).  One  microlitre  of  the  reaction  mixture  was  taken  for 
subsequent  amplification. 

The  primers  and  PCR  conditions  for  the  long-range  PCR  were 
as  previously  described  (Leygue  et  al.  1996c).  The  primers  and 
PCR  conditions  for  measuring  the  relative  expression  of  exon  5- 
deleted  and  exon  7-deleted  ER  transcripts  relative  to  WT  ER  tran¬ 
scripts  were  as  previously  described  (Leygue  et  al,  1996a). 

The  TP-PCR  conditions  were  similar  to  those  previously 
described  (Leygue  et  al.  \996b)  with  minor  modifications.  ERU 
(5'-TGTGCAATGACTATGCTTCA-3'.  sense,  located  in  WT  ER 
exon  2;  792-811,  as  numbered  in  Green  et  al,  1986)  and  ERL  (5'- 
GCTCTTCCTCCTGTTTTTAT-3',  antisense,  located  in  WT  ER 
exon  3;j92if94^  primers  allowed  amplification  of  a  14^bp  frag-f/ 
mem  corresponding  to  WT  ER  mRNA.  The  C4-specific  primer 
(C4L.  5'-nTCAGTCTTCAGATACCCCAG-3'.  antisense: /1 3 15r 
1336,1  as  numbered  in  Dotzlaw  et  al,  1992)  spans  the  only  region  of 
the  C4  unique  sequence  that  docs  not  have  any  homology  with 
repetitive  LINE-1  sequences  (Dotzlaw  et  al,  1992).  ERU  and  C4L 
allowed  amplification  of  a  536-bp  fragment  corresponding  specif¬ 
ically  to  C4  ER  variant  mRNA. 

PCR  amplifications  were  performed  in  a  final  volume  of  10  jil  in 
the  presence  of  20  mM  Tris-HCl  (pH  8.4),  50  mM  potassium  chloride. 


Mgure  ^  (A)  Autoradiogram  of  long-range  RT-PCR  (Leygue  et  al,  1996(^ 
results  from  two  samples  of  primary  breast  tumours  (P)  and  their  matched 
concurrent  lymph  node  metasta^  (M).  WT  ER  is  the  expected  product 
corresponding  to  the  WT  ER  mRNA;  D7  is  the  expected  product 
corresponding  to  the  exon  7-deleted  ER  variant  mRNA;  D4  is  the  ejected 
product  for  the  exon  4-deieted  ER  mRNA;  03-4  is  the  expected  product  for 
the  exon  3+4-deleted  ER  mRNA  04/7  Is  the  expected  product  for  the  exon 
4+7-deleted  ER  mRNA  (B)  Autoradiogram  of  RT-PCR  results  from  two 
samples  of  prinwry  breast  tumours  (P)  and  their  matched  concurrent  lymph 
node  metasta^  (M).  05  is  the  exp^ed  product  corresponding  to  the  exon 
5-deleted  ER  variant  mRNA.  WT  ER  Is  the  expected  product  corresponding 
to  the  WT  ER  mRNA.  (C)  Autoradiogram  of  RT-PCR  results  from  two 
samples  of  prir^ry  breast  tumours  (P)  and  their  matched  concurrent  lymph 
node  metasta^  (M).  07  is  the  expected  product  corresponding  to  the  exon 
7-deIeled  ER  variant  mRNA.  WT  ER  is  the  expected  product  corresponding 
to  the  WT  ER  mRNA  (D)  Autoradiogram  of  TP-PCR  results  from  two 
samples  of  prirrwry  breast  tumours  (P)  and  their  matched  concurrent  lymph 
node  metastasis  (M).  C4  Is  the  exp^ed  product  corresponding  to  the  done 
4  ER  variant  mRNA  WT  ER  is  the  expected  product  corresponding  to  the 
WT  ER  mRNA.  ‘Band  coamplified  with  C4  and  WT  ER  and  shown  to 
correspond  to  an  exon  2-duplicated  ER  variant  mRNA 
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2  mM  magnesium  chloride,  0.2  mM  dATP.  0.2  mM  dTTP.  0.2  him 
dGTP,  0.2  mM  dCTP,  4  ng  jiH  of  each  primer  (ERU.  ERL  and  C4L), 
0.2  units  of  Taq  DNA  polymerase  (Gibco-BRL)  and  1  pCi  of  (a-»PJ 
dCTP  (3000  Ci  mmoH,  ICN  Pharmaceuticals,  Irvine,  CA,  USA). 
Each  PCR  consisted  of  30  cycles  (1  min  at  94°C.  30  s  at  60®C  and 
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Figure  2  (A)  Quantitative  comparison  of  the  relative  expression  of  exon  5-deleted  variant  ER  mRNA  in  primary  (P)  human  breast  tumours  and  their  concurrent 
matched  lymph  node  metastases  (M).  For  each  sample,  the  mean  of  three  independent  measures  of  exon  5-deleted  ER  relative  expression  expressed  as  a 
percentage  of  the  corresponding  WT  ER  signal  was  determined  as  described  In  the  Materials  and  methods  section.  (B)  Quantitative  comparison  of  the  relative 
expression  of  exon  7-deleted  variant  ER  mRNA  In  primary  (P)  human  breast  tumours  and  their  concurrent  matched  lymph  node  metastases  (M).  For  each 
sample,  the  mean  of  three  Independent  measures  of  exon  7-deIeted  ER  relative  expression  expressed  as  a  percentage  of  the  corresponding  WT  ER  signal  was 
P  S  determined  as  desenTjed  in  the  Materials  and  methods  section.  (C)  Quantitative  comparison  of  the  relative  expression  of  clone  4  variant  ER  mRNA  in  primary 
^  I  (P)  human  breast  tumours  and  their  concurreiSmatched  lymph  node  metastases  (M).  For  each  sample,  the  mean  of  three  independent  measures  of  done  4 
relative  expression  expressed  as  a  percentage  of  the  corresponding  WT  ER  signal  was  determined  as  described  in  the  Materials  and  methods  section 


1  min  at  72®C)  using  a  thermocyclcr  (Perkin  Elmer).  Four  microlitres 
of  the  reaction  mix  was  then  denatured  by  addition  of  6  jil  of  80% 
formamide  buffer  and  boiling  before  electrophoresis  on  6%  poly¬ 
acrylamide  gels  containing  7  m  urea  (PAG^.  Following  electro¬ 
phoresis,  the  gels  were  dried  and  exposed  to  Kodak  XAR  Film  at 
~70®C  with  two  intensifying  screens  for  2  h. 

Quantification  of  RT-PCR  and  TP-PCR 

Bands  corresponding  to  the  variant  ER  mRNA  and  WT  ER  mRNA 
were  excised  from  the  gel  and  counted  after  addition  of  5  ml  of 
scintillant  in  a  scintillation  counter.  The  variant  signal  was 
expressed  as  a  percentage  of  the  WT  ER  signal.  It  should  be  noted 
that  the  percentage  obtained  reflects  the  relative  ratio  of  the  variant 
to  WT  ER  RT-PCR  product  and  does  not  provide  absolute  initial 
.  mRNA  levels.  Validation  of  this  approach  was  described  previ- 

ly/r  ously  (Daffada  et  al.  1994.  1995;  Lcygue  et  al.  1996a^).  At  least 

two  independent  PCR  assays  were  performed  for  each  sample  in 
f  the  comparison  of  RNAase  protection  assay  with  TP-PCR  assays. 

For  assessment  of  matched  primary  and  secondary  breast  tumour 
samples,  at  least  two  and  in  most  cases  three  independent  PCR 
reactions  were  performed  and  the  mean  determined. 

The  statistical  significance  of  differences  in  the  relative  levels  of 
expression  of  any  single  ER  mRNA  variant  between  primary 
tumour  and  lymph  node  metastasis  was  determined  using  the 
Wilcoxon  signed-rank  test. 


RESULTS 

Determination  of  the  pattern  of  exon-deleted  ER  variant 
mRNA  expression 

Multiple  ER  variant  mRNAs  have  been  shown  to  be  expressed  in 
any  one  breast  tissue  sample  (Lcygue  cl  al,  1996a;  Murphy  et  al, 
1997a,  b).  To  investigate  the  pattern  of  multiple  exon-deleted  ER 
variant  expression  between  primaiy  breast  tumours  and  their 
matched  lymph  node  metastases,  a  long-range  RT-PCR  approach 
was  used.  This  approach,  based  on  the  competitive  amplification 
of  wild-type  and  exon-deleted  ER  variant  cDNAs,  using  primers 
annealing  within  exons  1  and  8,  allows  the  evaluation  of  the  rela¬ 
tive  pattern  of  expression  of  all  exon-deleted  ER  variant  transcripts 
present  in  any  individual  sample  (Leygue  et  al,  1996c;  Fasco, 
1997).  Typical  results  are  shown  in  Figure  lA.  The  pattern  of 
deleted  ER  mRNA  expression  between  any  one  primary  tumour 
and  its  matched  lymph  node  metastasis  was  conserved. 

Determination  of  the  relative  expression  of  exon 
5-deleted  and  exon  7-deleted  ER  variant  mRNA 
expression 

Using  a  previously  validated  semiquantitative  PCR  approach 
(Leygue  et  al,  1996a),  the  measurement  of  the  relative  expression 
of  specific  individual  cxon-delcted  ER  variant  mRNAs  was  also 
undertaken.  Specifically,  the  relative  expressions  of  exon  S-deleted 
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ER  cDNA  (figure  IB)  using  primers  in  exons  4  and  6,  and  exon  7- 
deleted  ER  cDNA  (figure  1C),  using  primers  in  exons  5  and  8, 
were  measured.  The  median  value  for  the  relative  expression  of  the 
exon  5-deIeted  ER  for  the  primary  tumours  was  23.1%  (range 

17.3- 94.3%)  and  the  median  value  for  the  matched  lymph  node 
metastases  was  31.3%  (range  14.9-200%).  The  scatter  plot  for 
these  results  is  shown  in  figure  2A.  The  median  relative  expression 
of  the  exon  7-deIeted  ER  for  primary  tumours  was  65%  (range 

39.3- 184.9%)  and  the  median  value  for  the  matched  lymph  node 
metastases  was  52.5%  (range  35.5-126%).  The  scatterplot  of  these 
results  is  shown  in  figure  2B.  There  were  no  statistically  signifi¬ 
cant  differences  in  the  relative  expression  of  either  exon-deleted  ER 
mRNA  between  primary  and  concurrent  metastatic  tumours. 

Comparison  of  RNAase  protection  assay  and  triple¬ 
primer  PCR  assay  for  determination  of  the  relative 
expression  of  clone  4  truncated  ER  variant  mRNA 
expression 

Another  frequently  expressed  ER  variant,  which  would  not  be 
detected  in  the  above  assays,  is  the  C4  ER  mRNA.  This  variant 
WM  previously  found  to  be  significantly  elevated  in  a  group  of 
primary  breast  tumours  with  poor  prognostic  features  that  included 
concurrent  lymph  node  metastases,  compared  with  a  group  of 
primary  tumours  with  good  prognostic  variables  that  included  lack 
of  concurrent  nodal  metastases  (Murphy  et  al,  1995).  Therefore,  it 
w^  relevant  to  deteraiine  the  level  of  C4  ER  variant  expression’in 
primary  breast  tumours  and  their  matched,  concurrent  lymph  node 
metastases. 

In  this  previous  study,  we  used  RNAase  protection  assays  to 
rrreasure  WT and  variant  ER  mRNA  expression  (Murphy  et  al,  1995). 
However,  in  order  to  conduct  this  study  using  smaller  tissue  samples 
(in  particular  from  nodal  metastases)  and  to  ensure  a  close  correlation 
with  the  histological  composition  of  the  tissue,  we  used  a  previously 
described  TP-PCR  assay  (Leygue  et  al,  1996b)  to  measure  the  rela¬ 
tive  expression  of  C4  ER  mRNA.  To  facilitate  comparison  of  the 
current  data  with  our  eariier  study  (Murphy  et  al,  1995),  it  was  neces¬ 
sary  to  compare  the  RNAase  protection  assay  with  the  TP-PCR  assay, 
before  proceeding  to  analyse  the  primary  and  secondary  breast 
tumour  samples  for  C4  mRNA  expression  by  TP-PCR. 

RNA  from  25  human  breast  tumours,  selected  to  represent  a 
wide  range  of  ER  status  by  ligand-binding  assay  (Table  1),  was 
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Table  1  C4  and  WT  ER  mRNA  expression  in  2S  human  breast  tumours,  as 
determined  by  RNAase  protection  assay  and  TP-PCR 


Sample 

no. 

Ligand 

binding 

RNAase 

protection 

TPPCR 

ER 

(fmol  mg-*) 

C4 

(pgiOnjT') 

WTER 

(POIOhs-') 

C4 

(%) 

C4 

(%) 

5 

0.0 

ND 

ND 

1.7 

3 

0.4 

ND 

ND 

2.6 

1 

24 

0.9 

1.2 

ND 

6.2 

ND 

105.1 

5.9 

3.1 

3.3 

4 

23 

1.8 

4.5 

ND 

10.0 

ND 

54.3 

18.4 

3.7 

22.7 

8 

5.8 

ND 

26.8 

2.8 

7 

6.3 

ND 

224.6 

_ 

3.4 

2 

8.7 

ND 

9.0 

2.2 

19 

10.0 

22.6 

902.9 

2.5 

3.6 

10 

17.8 

5.3 

146.4 

3.6 

4.1 

13 

25.0 

2,3 

112.0 

2.0 

1.0 

15 

44.0 

5,0 

148.5 

3.4 

5.9 

22 

57.0 

11.8 

153.6 

7.7 

14.1 

11 

90.0 

2.5 

129.1 

1.9 

1.7 

21 

96.0 

9.6 

263.4 

3.6 

2.2 

14 

105.0 

4.6 

94.4 

4.9 

5.0 

17 

111.0 

26.7 

320.3 

8.3 

9.1 

9 

121.0 

4.6 

277.7 

1.7 

2.4 

6 

146,0 

2.0 

105.0 

1.9 

1.9 

18 

198.0 

15.8 

422.0 

3.7 

7.0 

20 

236.0 

8.8 

288.4 

3.0 

3.5 

12 

289.0 

3.6 

80.5 

4.5 

8.0 

16 

304.0 

38.8 

1440.8 

2.7 

3.7 

25 

311.0 

83.9 

3651.0 

^3 

3.2 

analysed  in  a  standardized  RNAase  protection  assay  in  order  to 
determine  the  absolute  amount  of  C4  and  WT  ER  mRNAs  within 
each  sample.  The  signals  corresponding  to  C4  and  WT  ER 
mRNAs  were  quantified  as  described  in  Materials  and  methods.  In 
each  assay,  known  amounts  of  synthetic  WT  ER  and  Ci  mRNAs 
were  analysed  in  parallel  in  order  to  establish  a  standard  curve 
allowing  the  determination  of  absolute  levels  of  C4  and  WT  ER 
mRNAs,  expressed  as  pg  10  pg-'  RNA  (Table  1).  Because  of  the 
very  low  C4  pintected  fragment  signal  (5  15  d.p.m.)  In  seven 
tumours,  it  was  not  possible  to  determine  confidently  the  absolute 
amount  of  C4  mRNA  in  these  samples  (not  deteiiffined,  ND).  All 
C4-negative  tumours  by  RNAase  protection'^say  were  from 
tumours  with  ER  values  lower  than  10  fmol  mg-'  protein,  as  deter¬ 
mined  by  ligand-binding  assay.  The  absolute  amounts  of  C4  and 
WT  ER  mRNAs  in  the  remaining  18  tumours,  as  determined  by 
RNAase  proteefion  assay,  varied  from  2  to  83.9  pg  10  pg-'  RNA 
and  from  9  to  3651  pg  10  pg-'  RNA  respectively.  For  each  sample, 
the  C4  mRNA  signal  was  expressed  as  a  percentage  of  WT  ER 
mRNA  signal  (Table  1). 

C4  ER  mRNA  relative  expression  was  determined  by  TP-PCR 
within  the  same  25  RNA  samples  as  described  in  Materials  and 
^thods.  Both  C4  and  WT  ER  cDNAs  signals  were  detected  in  all 
25  tumours  studied,  independent  of  their  ER  status  as  determined 
by  ligand-binding  assay.  C4  and  WT  ER  signals  were  quantified  as 
described  in  Materials  and^ethods.  The  signal  corresponding  to 
C4  was  expressed  as  a  percentage  of  the  WT  ER  signal.  Table  1 
presents  the  average  of  a  least  two  independent  TP-PCR  experi¬ 
ments.  Linear  regression  analysis  (Figure  3)  shows  a  highly  signif¬ 
icant  correlation  between  C4  mRNA  relative  expression  as 
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determined  by  RNAase  protection  assay  (in  the  18  tumours  in 
which  a  C4  signal  was  delectable)  and  C4  mRNA  relative  expres¬ 
sion  determined  by  TP-PCR  (r  =  0.932,  P  <  0.0001).  Interestingly, 
an  additional  band  was  also  observed  in  most  of  the  samples  using 
the  TP-PCR  assay  (see  asterisk,  Figure  1 D).  This  band  was  identi¬ 
fied  after  subcloning  and  sequencing  to  be  a  product  of  an  exon  2- 
duplicated  ER  variant  mRNA.  The  intensity  of  the  signal  obtained 
from  this  exon  2-dupIicated  ER  band  paralleled  that  of  the  WT  ER 
band,  and  the  co-amplification  of  the  exon  2-duplicated  ER  variant 
mRNA  using  TP-rcR  did  not  interfere  with  the  relationship 
between  TP-PCR  and  RNAase  protection  assay. 

Determination  of  the  relative  expression  of  clone  4 
truncated  ER  variant  mRNA  expression 

The  above  TP-PCR  assay  was  used  to  compare  the  relative  expres¬ 
sion  of  C4  and  WT  ER  expression  in  the  matched  breast  cancer 
samples  (Figure  ID).  The  median  relative  expression  of  the  C4  ER 
for  the  primary  tumours  was  3.5%  (range  1.6-10.5%)  and  the 
median  value  for  the  matched  lymph  node  metastases  was  3.1% 
(range  1.0-19.4%).  A  scatterplot  of  the  results  is  shown  in  Figure 
2C.  There  is  no  statistically  significant  difference  in  the  relative 
expression  of  C4  ER  variant  expression  between  primary  breast 
tumours  and  their  concurrent  lymph  node  metastases  by  Wilcoxon 
rank-sum  analysis.  Interestingly,  although  not  statistically  signifi¬ 
cant,  we  found  that  the  median  level  of  C4  expression  in  ER+  PR- 
primary  tumours,  3.7%  (range  2.5-7.9%,  n  =  5),  was  approxi¬ 
mately  50%  higher  than  the  median  level  of  C4  expression  in  ER+ 
PR+  primary  tumours,  which  was  2.4%  (range  1.6-10.5%,  n  =  8). 
Such  a  trend  would  be  consistent  with  our  previous  results  in 
which  C4  expression  was  higher  in  PR-  primary  breast  tumours 
than  in  PR+  primary  tumours. 

DISCUSSION 

The  data  presented  in  this  study  provide  evidence  that  both  the 
overall  pattern  of  ER  variant  expression  and  the  relative  level  of 
expression  of  three  individual  ER  variants  arc  conserved  in 
primary  breast  tumours  and  their  matched,  concurrent  lymph  node 
metastases. 

The  observations  presented  in  this  manuscript,  showing  a 
conserved  pattern  and  similar  relative  expression  of  ER  variants 
between  primary  tumours  and  their  concurrent  lymph  node  metas- 
tascs,  would  be  consistent  with  previous  observations  that  little 
change  of  ER  status  can  be  found  between  primary  human  breast 
tumours  and  their  concurrent  lymph  node  metastases  or  their  distant 
metastases  (Hahnel  and  Twaddle,  1985;  Robertson,  1996).  These 
findings  are  not  inconsistent  with  our  previously  published  data, 
which  showed  that  the  relative  expression  of  one  ER  variant  was 
significantly  increased  in  primary  tumours  with  poor  prognostic 
characteristics,  which  included  having  concurrent  lymph  node 
metastases,  as  compared  with  primary  tumours  without  concurrent 
lymph  node  metastases  (Muiphy  et  al.  1995).  It  should  be  stressed 
that  all  the  primary  tumours  in  the  current  study  had  concurrent 
lymph  node  metastases,  a  major  feature  of  poor  prognosis  in  breast 
cancer,  and  most  likely  resembled  our  previously  described  poor 
prognostic  group  (Murphy  et  al,  1995).  Therefore  in  primary 
tumours  that  have  concurrent  lymph  node  metastases  and  have 
detectable  levels  of  C4  ER  variant  as  well  as  other  variant  ER 
mRNAs,  mRNA  levels  do  not  significantly  change  between 
primary  tumours  and  their  concurrent  lymph  node  metastases. 


These  data  do  not,  however,  shed  any  light  on  whether  tumours 
with  good  prognostic  features,  as  previously  described  (Murphy  et 
al,  1995),  that  have  a  relatively  low  level  of  C4  ER  variant  mRNA 
subsequently  develop  higher  levels  when  recurrent  disease 
develops.  Although  this  issue  remains  to  be  investigated,  our  earlier 
observation  of  higher  relative  C4  ER  mRNA  expression  in  PR- 
primary  tumours  compared  with  PR+  primary  tumours  appeared  to 
be  conserved  in  the  present  cohort,  although  the  numbers  were  low 
and  the  difference  did  not  reach  statistical  significance.  As  quantita¬ 
tive  differences  in  the  expression  of  several  ER  variants  have  been 
shown  to  occur  in  primary  breast  tumours  compared  with  normal 
human  breast  tissues  (Leygue  et  al,  1996a^),  as  well  as  between  c*s 
good  vs  poor  prognosis  primary  breast  tumours,  the  current  data 
suggest  that  alterations  in  ER  variant  expression  and  any  role  this  ^ 
may  have  in  altered  oestrogen  signal  transduction  probably  occurs 
early  in  tumorigenesis  and  well  before  the  acquisition  of  the  ability 
to  metastasize.  This  is  consistent  with  previous  data  supporting  the 
concept  of  an  early  involvement  of  perturbations  of  oestrogen 
signal  transduction  and  the  development  of  hormone  independence 
in  breast  tumorigenesis  (Khan  et  al,  1994;  Schmitt,  1995).  It 
remains  therefore  to  be  determined  if  altered  ER  variant  expression 
can  predict  tumour  recurrence  and  progression  in  node-negative 
breast  cancers. 

To  our  knowledge,  this  study  is  the  first  to  compare  an  already 
established  quantitative  approach,  such  as  the  RNAase  protection 
assay,  with  an  RT-PCR  based  approach  in  the  study  of  ER  variant 
mRNA  expression.  Earlier  studies  have  utilized  either  the  RNAase 
protection  assay  only  or-by  RT-PCR  only.  Considering  the  potenual  cO  c'' 
clinical  relevance  of  the  measurement  of  the  relative  level  of  ER  ^ 
variants  with  respect  to  WT  ER  within  human  breast  tissue  samples 
and  the  sensitivity  of  an  RT-PCR  based  approach,  such  a  compara¬ 
tive  study  was  deemed  necessary.  Furthennore.  our  data  provide 
validation  for  comparing  previous  data  obtained  using  a  non-ampli- 
fication-dependent  RNAase  protection  assay  with  the  current  data 
obtained  using  an  amplification-dependent  TP-PCR  assay. 

The  lack  of  sensitivity  of  the  RNAase  protection  assay  for  a 
subset  of  tumours  with  very  low  (<10  fmol  mg-^  ER  values  by 
ligand-binding  assay  is  an  important  limiting  factor.  It  effectively 
means  that,  in  a  screening  study,  ER-negative  tumours 
(<3  fmol  mg“*  protein),  as  well  as  ER-positive  tumours  with  ER 
values  lower  than  10  fmol  mg-',  as  measured  by  ligand-binding 
assay,  cannot  be  reliably  assessed  for  C4  ER  variant  mRNA 
expression  by  RNAase  protection  assay.  This,  together  with  the 
relatively  large  amount  of  RNA  needed  to  perform  an  RNAase 
protection  analysis,  severely  limits  the  usefulness  of  a  standard¬ 
ized  RNAase  protection  assay  in  such  screening  studies.  The  low 
amount  of  starting  material  needed,  together  with  the  higher  sensi¬ 
tivity  observed  (samples  C4  ER  variant  negative  by  RNAase 
protection  assay  had  detectable  levels  of  C4  ER  variant  and  WT 
ER  mRNA  by  TP-PCR)  make  TP-PCR  an  attractive  alternative  to 
the  RNAase  protection  assay  in  studies  in  which  such  factors  are 
limiting. 

In  conclusion,  the  current  investigation  extends  our  previous 
studies  on  the  relationship  of  ER  variant  expression  and  progres¬ 
sion  in  human  breast  cancer.  The  data  presented  show  that  both  the 
pattern  and  level  of  expression  of  ER  variants  are  conserved 
between  matched  primary  breast  tumours  and  their  concurrent 
lymph  node  metastases.  Therefore,  any  alteration  in  ER  variant 
expression  that  could  be  a  marker  of  altered  ER  signal  transduction 
and  breast  cancer  progression  probably  occurs  before  breast  cancer 
cells  acquire  the  ability  to  metastasize. 
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The  development  of  estrogen-independent  growth  is  thought  to  be  an  important 
step  in  the  progression  of  breast  cancer  to  hormone-independence  and  endocrine  therapy 
resistance.  T5  human  breast  cancer  cells  are  estrogen  receptor  (ER-a)  positive  and  estrogen 
treatment  in  culture  results  in  increased  proliferation  of  these  cells.  An  estrogen- 
nonresponsive  cell  line,  T5-PRF,  was  developed  from  T5  cells,  by  chronically  depleting  the 
cells  of  estrogen  in  long-term  culture.  These  cells  are  insensitive  to  the  growth-stimulatory 
effects  of  estrogen  while  still  retaining  expression  of  the  ER-a.  In  the  apparent  absence  of 
ligand  T5-PRF  cells  have  a  3.6  ±  0.5  fold  increased  basal  ER-a  transcriptional  activity  and 
elevated  basal  progesterone  receptor  (PR)  levels  compared  to  the  parent  T5  cells.  Long 
range  ER-a  reverse  transcription-polymerase  chain  reaction  (RT-PCR)  was  performed  to 
characterize  the  pattern  of  variant  ER-a  mRNA  expression  between  the  two  cell  lin^s 
and  a  differential  expression  of  an  ER-a  mRNA  variant  was  found.  In  particular,  an  ER-a 
variant  mRNA,  deleted  in  exons  3  and  4,  was  detected  only  in  T5-PRF  cells.  Recombinant 
expression  of  this  ER-a  variant  confered  increased  basal  transcriptional  activity  and 
estrogen-responsiveness  when  expressed  with  wild-type  ER-a  in  ER  negative  cell  lines,  as 
well  as  increasing  both  ligand-independent  and  estrogen-induced  ER-a  transcriptional 
activity  when  expressed  alone  in  parental  T5  cells.  These  results  suggest  a  possible  role  for 
the  altered  expression  of  an  ER-a  variant  in  ligand-independent  activation  of  ER-a  which 

may  contribute  to  .the  estrogen-independent  phenotype  in  T5-PRF  human  breast  cancer 
cells. 
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Introduction 

Breast  cancer  is  a  hormonally  responsive  cancer  and  hormones,  including  estrogen, 
are  required  for  breast  cancer  growth  (1).  Estrogens  promote  the  growth  of  human  breast 
cancer,  and  as  such,  most  endocrine  therapies  are  aimed  at  blocking  the  growth  promoting 
effects  of  estrogen  (e.g.,  antiestrogen  such  as  tamoxifen).  Breast  cancers  are  classified 
according  to  their  requirement  for  proliferation  as  being  either  hormone-dependent  or 
hormone-independent,  based  ultimately  on  the  response  to  endocrine  therapy  of 
metastatic  disease  (2).  The  level  of  estrogen  receptor-alpha  (ER-a)  in  human  breast  cancer 
(HBC)  is  used  as  a  marker  not  only  of  potential  therapeutic  response  to  endocrine  therapy, 
but  is  a  marker  of  prognosis  and  survival  (3). 

The  evolution  of  breast  cancer  into  an  estrogen-independent  growth  phenotype  is 
thought  to  be  an  important  step  in  the  progression  of  breast  cancer  to  hormone- 
independence  and  endocrine  therapy  resistance  (4,  5).  Understanding  the  factors  that 
contribute  to  the  development  of  a  hormone-independent  phenotype  is  of  major 
importance  in  terms  of  breast  cancer  therapeutics.  Resistance  to  endocrine  therapies  may 
be  due  to  a  number  of  factors.  In  some  cases,  hormone-independence  and  resistance  can 
occur  due  to  loss  of  ER  expression,  but  most  tumours  that  have  developed  resistance  to 
endocrine  therapy  remain  receptor  positive  (6). 

Several  breast  cancer  cell  lines  in  culture  also  require  estrogen  for  growth  and  long¬ 
term  culture  in  estrogen-depleted  conditions  can  result  in  cells  becoming  apparently 
independent  of  the  requirement  for  estrogen  for  growth.  Indeed,  the  development  of 
estrogen-independent  growth  in  human  breast  cancer  is  thought  to  be  one  of  the  initial 
steps  in  the  progression  to  hormone-independence  and  resistance  to  endocrine  therapies 
(7).  However,  the  mechanisms  responsible  for  the  development  of  estrogen-independence 
in  the  presence  of  continued  expression  of  ER-a  are  poorly  understood.  In  order  to  address 
this  we  have  developed  a  breast  cancer  cell  model  of  apparent  estrogen  independence  (8). 
T5  human  breast  cancer  cells  are  ER-a  positive  and  estrogen  treatment  in  culture  results  in 
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increased  proliferation  of  these  cells.  An  estrogen-nonresponsive  cell  line,  T5-PRF,  was 
developed  from  T5  cells  by  chronically  depleting  the  cells  of  estrogen  in  long-term  culture. 
These  cells  are  insensitive  to  the  growth-stimulatory  effects  of  estrogen  seen  in  the  parent 
cell  line  while  still  retaining  expression  of  the  ER-a  (8).  However,  these  cells  remain 
sensitive  to  the  growth  inhibitory  effects  of  4-hydroxy-tamoxifen  (OT)  and  ICI  164,384  (ICI), 
although  they  have  reduced  sensitivity  to  ICI  compared  to  the  parent  T5  cells  (8). 

In  this  study  we  have  investigated  the  ligand-dependent  and  -independent 
transcriptional  activity  of  the  endogenous  ER-a  as  well  as  the  pattern  and  potential 
function  of  ER-a  variant  expression  in  T5  and  T5-PRF  human  breast  cancer  cells. 
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Materials  and  Methods 
Materials 

[32p]dCTp  and  [35$] ATP  were  purchased  from  ICN  (St-Laurent,  Quebec).  Dulbecco  s 
Minimal  Essential  Medium  (DMEM)  powder  and  fetal  bovine  serum  were  purchased  from 
GIBCO/BRL  (Burlington,  Ontario).  Horse  serum  and  EGF  were  purchased  from  UBI  (Lake 
Placid,  New  York).  All  other  cell  culture  ingredients  were  purchased  from  Flow 
Laboratories  (Mississauga,  Ontario).  Cholera  toxin,  4-hydroxy-tamoxifen,  estradiol-17p  and 
dexamethasone  were  obtained  from  Sigma  Chemical  Co.  (St,  Louis,  MO).  [^^l- 
chloramphenicol,  pH]-  R5020  (88.7  Ci/mmol),  [35S]-methionine  and  R5020  were  obtained 
from  NEN  (Lachire,  Quebec).  ICI  164,384  was  a  gift  from  ICI  (Macclesfield,  Cheshire). 

Cells  and  Cell  Culture 

T5  ceUs,  previously  called  T-47D5,  were  originally  thought  to  be  a  T-47D  subline, 
however,  DNA  fingerprinting  analysis  showed  that  they  were  an  MCF-7  sublme  (9).  T5 
arid  MDA-MB-231  human  breast  cancer  ceUs  were  routinely  cultured  in  DMEM  contammg 
5%  vol/vol  fetal  calf  serum,  1%  wt/vol  glucose,  glutamine  and  penicillm-streptomycm. 
T5-PRF  cells  were  routinely  cultured  in  phenol  red-free  DMEM  supplemented  with  5% 
vol/vol  twice  charcoal  dextran  stripped  fetal  calf  serum  and  1%  wt/vol  glucose,  glutamine, 
and  penicillin-streptomycin  (PRF/DMEM).  MCFIOAI  human  breast  epithelial  cells  (10) 
were  grown  routinely  in  DMEM  containing  5%  vol/vol  horse  serum,  1%  wt/vol  glucose, 
glutamine  and  penicillin-streptomycin,  O.lpg/ml  cholera  toxin,  20ng/ml  hEGF,  10.4fig/ml 
bovine  insulin  and  IpM  hydrocortisone  (DMEM-special).  Transient  transfections  and 
steroid  receptor  assays  were  performed  in  PRF/DMEM.  Transient  transfections  using 
MCFIOAI  cells  were  performed  in  phenol  red-free  DMEM  containing  5/o  vol/vol 
charcoal-stripped  horse  serum,  1%  wt/vol  glucose,  glutamine  and  penicillin-streptomycin 
(PRF/DMEM-hs)  and  cells  were  passaged  once  prior  to  transfection  in  phenol  red-free 
DMEM  containing  5%  vol/vol  charcoal-stripped  horse  serum,  1%  wt/vol  glucose, 
glutamine,  penicillin-streptomycin,  O.l^g  cholera  toxin,  20ng/ml  hEGF,  10.4p,g/ml  bovine 
insulin  and  IpM  hydrocortisone  (PRF/DMEM-special). 
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Progesterone  Receptor  Assays 

PR  assays  were  performed  using  whole  cell  ligand  binding  assays  as  previously 
described  (11).  pH]-R5020  and  pH]-R5020  and  100  fold  molar  excess  unlabelled  R5020  were 
used  to  determine  PR  total  and  nonspecific  binding,  respectively.  All  assays  were 

performed  in  the  presence  of  100  nM  dexamethasone  to  prevent  binding  of  R5020  to  the 
glucocorticoid  receptor. 

Transient  transfections  and  CAT  assays 

T5,  T5-PRF  and  MDA-MB-231  cells  were  passaged  once  in  PRF/DMEM  and  set  up  in 
100  mm  diameter  dishes  at  0.5  X  10‘  cells  per  dish  in  PRF/DMEM  the  day  before 
transfection.  MCFIOAI  cells  were  passaged  once  in  PRF/DMEM-special  and  set  up  in  100 
mm  diameter  dishes  at  2  X  10'*  cells  per  dish  in  PRF/DMEM-special  two  days  before 
transfection.  The  following  day  the  medium  was  changed  to  PRF/DMEM-hs  and  cells  were 
transfected  the  following  day,  using  the  calcium  phosphate /glycerol  shock  method  (12) 
using  an  equal  volume  2  x  BBS  buffer  (50mM  BES,  280mM  NaCl,  1.5mM  Na^HPO,  pH 
6.95),  followed  by  a  2  minute  glycerol  shock  (20%  vol/vol).  Cells  were  washed  twice  with 
PBS  and  given  fresh  medium  plus  or  minus  10  nM  estradiol-17p  (E2),  lOnM  estradiol-17p 
plus  IpM  ICI  164,384  or  IgM  ICI  164,384  alone.  After  24h  of  treatment,  the  cells  were 
harvested,  cell  extracts  prepared  and  chloramphenicol  acetyltransferase  (CAT)  activity 
measured  (13).  Transfection  efficiency  was  determined  by  cotransfection  of  pCHllO  (P- 
galactosidase  expression  vector,  Pharmacia)  and  assay  of  P-galactosidase  activity  (14).  T5 
and  T5-PRF  cells  were  transfected  with  5ng  of  ERE-tk-CAT  (15),  to  determine  ER-a 
transcriptional  activity,  along  with  5pg  pCHllO.  In  the  experiments  where  activity  of  d3/4 
was  examined  in  T5  cells,  transfections  were  performed  using  5|j,g  ERE-tk-CAT,  5gg 
pCHllO  plus  or  minus  d3/4  expression  vector  (0.1-1  pmol)  or  vector  DNA  alone.  MDA- 
MB-231  and  MCFIOAI  cells  were  transfected  with  5|ag  ERE-tkCAT,  5pg  pCHllO,  plus  or 
minus  0.5pmol  HEGO  (wild-type  ER-a  expression  vector,  kindly  provided  by  Dr  P. 
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Chambon)  with  increasing  amounts  (0.5-2  pmol)  of  d3/4  expression  vector  or  vector  DNA 
alone. 

Long-Range  ER-a  RT-PCR 

Total  RNA  was  extracted  (Trizol  reagent,  GibcoBRL,  Grand  Island,  NY)  and  reverse 
transcribed  as  described  previously  (16).  The  primer  pair  used  consisted  of  1/8U primer  (5- 
TGCCCTACTACCTGGAGAACG-3’,  sense;  located  in  WT-ER-a  exon  1;  nucleotides  615- 
637)  and  1/8L  primer  (5'-GCCTCCCCCGTGATGTAA-3',  antisense;  located  in  WT-ER-a 
exon  8;  nucleotides  1995-1978).  Nucleotide  positions  given  correspond  to  published 
sequences  of  the  human  ER-a  cDNA  (17).  PCR  amplifications  were  performed  as 
previously  described  (18).  PCR  products  were  separated  on  3.5%  polyacrylamide  gels 
containing  7M  urea,  gels  were  dried  and  labelled  products  visualized  by  autoradiography. 
PCR  products  were  subcloned  and  sequenced  as  previously  described  (16). 

Construction  of  variant  ER-a  expression  vector 

The  RT-PCR  product  corresponding  to  the  exon  3/4  deleted  ER-a  cDNA  was  cloned 
into  the  TA  cloning  vector  (Invitrogen  TA  cloning  kit).  Stu  I  digestion  of  this  plasmid 
released  an  exon  3/ 4  deleted  fragment  which  was  used  to  replace  the  corresponding  region 
of  wild-type  ER-a  from  pOR8  (19)  (contains  a  glycine  to  valine  point  mutation  at  amino 
acid  400).  Stu  I  sites  are  in  exon  2  and  7  of  wild-type  ER-a  and  the  subcloned  d3/4  PCR 
fragment  resulted  in  a  correction  to  the  wild-type  sequence  of  glycine  at  amino  acid  400  (in 
exon  5  in  pOR8).  The  full  length  EcoR  I  ER-a  fragment  from  HEGO  (an  expression  plasmid 
containing  wild-type  ER-a  coding  region  cloned  into  the  eukaryotic  expression  vector 
pSG5,  a  gift  from  Dr.  P.  Chambon,  Strasbourg,  France  (19))  was  then  excised  and  replaced 
with  the  corresponding  fragment  from  pOR8  containing  the  exon  3/4  deleted  ER-a  cDNA. 
The  identity  of  the  expression  plasmid  containing  the  exon  3/4  deleted  ER-a  (called  d3/4) 
was  confirmed  by  restriction  enz5nne  digest  and  sequence  analysis. 
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In  Vitro  transcription  and  translation 

In  vitro  transcription/translation  reactions  were  performed  using  a  coupled 
transcription/ translation  system  (TnT  coupled  Reticulocyte  Lysate  System,  Promega, 
Madison,  WI).  Reactions  were  performed  according  to  the  manufacturer's  instructions. 
Western  blotting  and  immune  detection 

Whole  cell  extracts  (dissolved  in  8M  urea)  were  analysed  using  10%  SDS-PAGE  with 
a  4%  stacking  gel  at  200  V  for  45  min  at  room  temperature  according  to  the  Laemmli 
method  (20).  Gels  were  transferred  to  nitrocellulose  using  CAPS  transfer  buffer  (10  mM 
CAPS,  pH  11,  20%  methanol)  and  transferred  for  1  hr  at  120  V  at  4°C.  Blots  were  blocked 
for  1  hr  at  room  temperature  in  5%  skimmed  milk/Tris-buffered  saline  containing  0.5% 
Tween-20.  Blots  were  incubated  with  either:  ER-a  specific  primary  antibody,  H226,  (a 
generous  gift  from  Dr  G.  Greene,  University  of  Chicago,  E,  which  recognizes  an  epitope  in 
exon  1/exon  2  region  of  the  wild-type  ER-a)  or  the  ER-a  specific  antibody,  AER  308, 
(Neomarkers,  CA,  which  recognizes  an  epitope  in  exon  4  of  the  wild-type  ER-a),  overnight 
at  4°C  in  1%  skimmed  milk/Tris-buffered  saline  containing  0.5%  Tween-20.  Blots  were 
then  incubated  with  the  appropriate  horse  radish  peroxidase  conjugated  secondary 
antibody  for  1  hr  at  room  temperature  in  1%  skim  milk/Tris-buffered  saline  containing 
0.5%  Tween-20.  Detection  was  carried  out  using  the  ECL  detection  system  according  to  the 
manufacturer's  instructions  (Amersham,  Buckinghamshire,  England). 

Statistical  Analysis, 

Statistical  analyses  of  ER-a  transcriptional  activity  and  PR  levels  were  performed 
using  paired  Student's  t-test.  Statistical  analysis  on  the  effects  of  d3/4  on  ERE-tk-CAT 
activity  in  T5  cells  was  performed  using  Wilcoxon's  rank  sum  test.  Statistical  analysis  on 
the  effects  of  d3/4  on  ERE-tk-CAT  activity  in  MDA-MB-231  and  MCFIOAI  cells  was 
performed  on  natural  log  transformed  data  using  paired  Student's  t-test.  Statistical 
analyses  were  performed  with  the  help  of  M.  Cheang,  University  of  Manitoba, 
Biostatistical  Consulting  Unit. 
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Results 

Apparent  ligand-independent  (basal)  activity  of  ER-a  is  increased  in  T5-PRF  cells. 

Previously,  we  have  shown  that  T5-PRF  cells  are  no  longer  growth  responsive  to 
estrogen  in  culture,  while  still  retaining  expression  of  the  ER-oc  (8).  To  investigate  further 
the  mechanism(s)  responsible  for  estrogen-nonresponsiveness  in  these  cells,  ER-a 
transcriptionaT  activity  was  examined  by  transient  transfection  assays  using  an  estrogen- 
responsive  reporter  gene.  The  histogram  in  figure  lA  represents  the  fold  difference  in 
chloramphenicol  acetyl  transferase  (CAT)  activity  between  T5  and  T5-PR 
expected,  estrogen  treatment  increases  CAT  activity  in  T5  and  to  a  lesser  extent 
cells,  while  the  antiestrogen  ICI  164,384  inhibits  the  estrogen  induced  transcr.p  cional 
activity  of  the  ER-a  in  both  cell  lines.  In  the  absence  of  added  estrogen  there  is  a  low  basal 
ER-a  activity  in  parental  T5  cells,  however  in  the  estrogen-nonresponsive  T' 
the  basal  ER-a  activity  was  3.6  +  0.5  (mean  ±  sem,  n=7)  fold  higher  than  th 
cells  (p<0.05).  Consistent  with  the  increased  basal  CAT  activity  in  T5  r  cells  being 
mediated  by  ER-a,  treating  cells  under  basal  conditions  with  IQ  alone,  completely 

I 

abolished  the  increased  basal  transcriptional  activity  (Figure  IB). 

Progesterone  receptor  levels  are  elevated  in  T5-PRF  cells. 

PR  expression  is  a  marker  of  ER-a  activity  (21),  therefore  we  examined  PR  levels  to 
determine  if  the  increase  in  basal  ER-a  activity  in  T5-PRF  cells  was  reflected  in  an 
endogenous  estrogen-responsive  gene.  Under  basal  (i.e.  no  added  estrogen)  conditions  the 
T5-PRF  cells  have  significantly  higher  PR  levels  (~3  fold)  than  the  parent  T5  cells  passaged 
twice  in  PRF/DMEM  (as  defined  in  Methods)  before  receptor  assays  (464  ±  20  fmol/lO^  cells 
vs  148  ±40  fmol/106  cells,  mean  ±  sem,  n=3,  see  figure  2).  Previously,  we  had  shown  that 
T5-PRF  cells  retained  expression  of  ER-a  which  was  approximately  50%  of  the  levels  seen 
in  the  parent  T5  cells  (8).  Since  we  observed  increased  basal  activity  from  both  an  estrogen- 
responsive  reporter  gene  and  an  endogenous  estrogen-responsive  gene  (PR)  in  T5-PRF 
cells  despite  a  decreased  level  of  endogenous  ligand-binding  ER,  we  reasoned  that  the 
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was  increased  or  some  ER-like  activity 


existed  that  was  not  detectable  by  ligand  binding  experiments. 


Expression  of  a  variant  ER-a  mRNA  deleted  in  exons  3  and  4  is  increased  in  T5-PRF  cells. 

Alterations  in  the  structure  or  presence  of  variant  forms  of  the  ER-a  with  ligand- 
independent  activity  could  be  one  mechanism  for  our  observed  results.  Long-range  ER-a 
RT-PCR  analysis  (18)  was  performed  on  RNA  isolated  from  T5  and  T5-PRF  cells  to 


examine  the  pattern  of  deleted  variant  ER-a  mRNA  expression.  RT-PCR  analysis  was 
performed,  using  a  primer  pair  specific  for  exons  1  and  8  of  wild-type  human  ER-a 
sequence,  allowing  detection  of  any  variant  ER-a  mRNA  species  containing  both  exons  1 
and  8  of  wild-type  ER-a  sequence.  Figure  3A  shows  the  PCR  products  obtained  and  the 


presence  of  a  928  bp  band  that  is  markedly  increased  in  T5-PRF  estrogen-independent  cells. 
To  confirm  the  identity  of  this  variant,  the  cDNA  corresponding  to  the  928  bp  band  was 
subcloned  and  sequenced.  The  nucleotide  sequence  of  the  cDNA  was  found  to  represent  a 
variant  ER-a  mRNA  containing  a  deletion  of  both  exons  3  and  4  (Figure  3B).  The  exon  3 
and  4  deleted  ER-a  (d3/4)  is  in  frame  and  is  predicted  to  encode  a  protein  of  443  amino  acid 
residues  with  a  predicted  molecular  mass  of  ~49  kDa.  This  putative  ER-a-like  protein 
would  be  missing  the  second  zinc  finger  of  the  ER-a  DNA  binding  domain,  the  hinge 
region  and  part  of  the  ligand  binding  domain. 


The  exon  3/4  deleted  ER-a-like  protein  increases  basal  and  estrogen-regulated  wild-type 
ER-a  transcription^  activity. 


To  address  the  potential  function  of  this  variant  ER-a  mRNA  eukaryotic  expression 
vectors  containing  d3/4  cDNA  were  constructed  and  shown  to  express  a  protein  of  the 
appropriate  size  (Figure  4A),  that  was  recognized  by  the  ER-a  antibody  H226  that 
recognizes  an  epitope  encoded  in  exon  1/2  (A/B  region)  of  wild-type  ER-a  (Figure  4B,  lanes 
1  and  2).  Using  an  antibody  that  recognizes  an  epitope  encoded  in  exon  4  of  the  wild-type 
ER-a  the  band  corresponding  to  the  d3/ 4  protein  is  not  seen,  while  wild-type  ER-a  is  still 
detected  (Figure  4B,  lanes  3  and  4).  Ligand  binding  analysis  of  the  in  vitro  translated  d3/4 
protein  showed  little  or  no  ability  to  bind  estradiol  specifically  (data  not  shown).  This 
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protein  is  missing  the  second  zinc  finger  of  the  DNA  binding  domain  and  as  such  would 
not  be  expected  to  bind  to  DNA,  We  found  that  under  conditions  in  which  in  vitro 
transcribed/translated  wild-type  ER-a  could  bind  to  an  oligonucleotide  containing  the 
vitellogenin  B1  ERE,  d3/4  did  not  demonstrate  any  specific  DNA  binding  in  gel  mobility 
shift  assays  (data  not  shown). 

To  examine  the  transcriptional  activity  of  d3/4  variant  ER-a,  transient  transfections 
using  ER  negative  cell  lines  were  carried  out.  Under  conditions  in  which  transiently 
transfected  wild-type  ER-a  was  transcriptionally  active  and  able  to  induce  CAT  activity  in  a 
ligand-dependent  fashion,  the  d3/4  ER-a  did  not  demonstrate  any  transcriptional  activity 
on  its  own  (Figure  6A  and  6B).  This  is  unlikely  to  be  due  to  low  levels  of  expression  of  this 
transgene,  since  after  transfection  of  5  pg  of  d3/4  vector  into  MCFIOAI  cells  we  were  able  to 
detect  a  protein  corresponding  in  size  to  the  expected  d3/4  protein  (Figure  5).  To  determine 
if  d3/4  ER-a  and  wild-type  ER-a  could  interact  to  influence  transcription,  cotransfections 
of  wild-type  and  d3/4  ER-a  into  MDA-MB-231  and  MCFIOAI  ER  negative  breast  epithelial 
cell  lines  were  carried  out  (Figure  6 A  and  B).  HEGO  transfected  alone  showed  the  expected 
estrogen-dependent  activity  while  d3/4  alone  had  no  transcriptional  activity  (Figure  6A 
and  B).  However,  when  increasing  amoimts  of  d3/4  ER-a  were  transfected  with  a  constant 
amount  of  HEGO,  d3/4  could  increase  both  the  basal  and  estrogen-dependent  activity  of 
wild-t5^e  ER-a.  When  equal  amounts  of  d3/4  and  wild-t5q>e  HEGO  were  transfected  into 
MDA-MB-231  and  MCFIOAI  cells  a  significant  increase  in  the  estrogen-dependent  activity 
was  seen.  Increasing  amounts  of  cotransfected  d3/4  was  associated  with  statistically 
significant  increases  in  basal  transcription  in  both  MCFIOAI  and  MDA-MB-231  cells.  In 
MDA-MB-231  cells  when  1  pmol  of  d3/4  was  transfected  with  0.5  pmol  of  HEGO  a 
statistically  significant  increase  in  basal  transcription  was  observed,  while  in  MCFIOAI 
cells  we  saw  a  statistically  significant  increase  in  basal  transcription  when  2  pmol  of  d3/4 
was  transfected  with  0.5  pmol  of  HEGO. 

We  next  examined  the  effects  of  introducing  the  d3/4  ER-a  into  the  parental  T5 
cells.  Transient  transfection  of  d3/4  into  T5  cells  was  carried  out  and  ER-a  transcriptional 
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activity  measured.  Figure  7  shows  the  results  obtained,  and  demonstrates  that  transfection 
of  1  pmol  of  d3/4  caused  a  significant  increase  in  CAT  activity  both  in  the  presence  and 
absence  of  added  estrogen,  despite  the  fact  that  this  variant  ER-a  does  not  bind  appreciably 
to  ligand  in  vitro  nor  has  transcriptional  activity  of  its  own  at  this  concentration  (Figure 
6A  and  6B). 
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Discussion 

Numerous  studies  have  identified  variant  ER-a  mRNAs  in  both  normal  and 
neoplastic  breast  tissue  and  cell  lines  (1648,22-25).  While  still  a  controversial  topic, 
evidence  is  emerging  to  support  the  existence  of  ER-a  variant  proteins,  which  could 
correspond  to  some  ER-a  variant  mRNAs,  in  some  cell  lines  and  tissues  in  vivo  (22,26- 
32).  However,  the  pathophysiological  significance  of  ER-a  variant  expression  is  unclear. 
Altered  expression  of  some  ER-a  variant  mRNAs  was  found  associated  with  both  breast 
tumorigenesis  and  breast  cancer  progression  (16,22,33-35).  Several  studies,  using  transient 
transfection  analyses,  have  shown  that  individual  ER-a  variant  proteins  can  have  both 
positive  and  negative  effects  on  wild-type  ER-a  activity  (22,26,27,36-40).  Conflicting  results 
for  some  ER-a  variants  have  been  obtained  (39,41)  which  may  be  due  to  cell  and  promoter 
specific  events  previously  identified  for  various  structure/function  domains  of  the  wild- 
type  ER-a  (42,43).  Similarly,  overexpression  of  a  single  ER-a  variant  using  stable 
transfection  technology  has  given  different  results  in  different  laboratories  (36,44). 
Moreover,  direct  correlation  of  any  single  ER-a  variant  with  clinical  tamoxifen  resistance 
or  tamoxifen  resistance  of  breast  cancer  cells  in  culture  has  not  been  forthcoming.  Since 
most  of  these  comparisons  have  been  performed  using  individual  ER-a  variants  and  do 
not  take  into  accoimt  the  entire  spectrum  of  ER-a  variants  relative  to  each  other,  the 
conclusions  remain  controversial.  Together,  the  data  support  the  hypothesis  that  the 
development  of  hormone-independence  and  endocrine  resistance  in  human  breast  cancer 
is  a  multifactorial  process  and  indeed  there  are  many  examples  where  the  development  of 
estrogen-independent  growth  and  antiestrogen  resistance  are  dissociable  events  in  breast 
cancer  cell  line  models  (45-48).  Similar  to  these  and  other  studies,  we  have  found  that  the 
development  of  estrogen-independent  growth  in  a  breast  cancer  cell  line  model,  through 
long  term  growth  in  estrogen-depleted  medium,  was  not  associated  with  antiestrogen 
resistance.  Although  the  estrogen-nonresponsive  T5-PRF  cells  have  a  reduced  sensitivity 
to  the  pure  antiestrogen  ICI  164,384,  their  growth  response  to  4-hydroxytamoxifen  is 
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Identical  to  parental  T5  cells  (8).  However,  when  we  investigated  the  relative  pattern  of 

expression  of  ER-a  deleted  variant  mRNA  in  T5-PRF  compared  to  parental  T5  cells,  there 
was  a  sigmficant  difference  in  the  relative  expression  of  a  previously  described  exon  3  plus 
4  deleted  ER-a  variant  mRNA  (reviewed  in  49).  Although  the  question  of  whether  this 
ER-a  variant  is  a  cause  of  estrogen  independence  or  merely  an  effect  of  the  selection 
process  for  estrogen  independence  requires  further  study,  our  data,  using  transient 
transfection  analyses  tend  to  support  a  possible  functional  role  for  the  putative  3/4  deleted 
ER-a  protein  encoded  by  the  variant  mRNA  in  the  phenotype  obseiyed  in  T5-PRF  human 
breast  cancer  cells.  In  this  study  we  have  shown  that  T5-PRF  cells  have  significantly 
increased  ligand-independent  (basal)  ER-a  activity  (reflected  in  both  ERE-tk-CAT  activity 
and  endogenous  PR  levels).  The  d3/4  variant  ER-a  was  able  to  confer  increased  ligand- 
independent  (basal)  and  estrogen-responsive  transcriptional  activity  when  expressed  in 
parental  T5  cells  and  when  coexpressed  with  wild-type  ER-a  in  ER-a  negative  human 
breast  cell  lines.  While  the  demonstrated  effect  of  d3/4  to  increase  HEGO  basal 
transcriptional  activity  in  the  ER-a  negative  cell  lines  suggests  a  putative  functional  role 
for  this  variant  ER-a,  this  effect  required  2-4  times  higher  levels  of  d3/4  than  HEGO. 
Although  such  data  provide  'proof  of  principle'  that  the  d3/4  ER-a  variant  can  modulate 
both  the  ligand  dependent  and  independent  transcriptional  activity  of  wild  type  ER-a,  the 
relevance  of  the  expression  levels  of  each  protein  achieved  in  the  reconstituted  transient 
expression  system  ,to  the  endogenous  levels  of  ER-a  and  d3/4  ER-a  variant  expression  in 
T5-PRF  is  imclear.  Furthermore,  differences  in  the  background  of  transcriptional  co¬ 
activators  and  co-repressors  between  naturally  ER-a  positive  and  negative  cell  lines  (for 
example,  43),  as  well  as  the  presence  of  other  naturally  occurring  ER-a  variants  in 
naturally  ER-a  positive  cell  lines  are  all  likely  to  impact  on  the  final  outcome  of  ER 
mediated  transcriptional  activity  and  underlie  the  differences  seen  between  the  transiently 
manipulated  cells  and  the  naturally  occurring  T5-PRF  phenotype.  Moreover,  expression  of 
ER-P  and/ or  its  variants  may  influence  estrogen  action  (50).  Both  T5  and  T5-PRF  cells 
express  low  levels  of  ER-p  mRNA  determined  by  reverse  transcription  polymerase  chain 
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reaction  analysis  (51,  unpublished  data),  however,  the  functional  significance  of  the  levels 

remains  unknown.  Nonetheless,  we  saw  a  significant  effect  on  ER-a  ligand-independent 

transcription  in  T5  cells  at  levels  of  co-transfected  d3/4  that  likely  would  not  be  higher 

than  the  endogenous  ER-a  in  these  cells,  but  the  extrapolation  of  these  data  to  the  relative 

expression  of  wild-type  ER-a  and  d3/4  ER-a  variant  in  T5-PRF  cells  is  presently  unknown. 

It  is  of  significance  that  we  can  reproduce  an  effect  of  this  d3/4  variant  in  the  parental  T5 

cells,  which  would  likely  contain  a  more  representative  background  of  ER-a  accessory 

proteins  (ie.  co-activators  and/or  co-repressors)  as  well  as  other  variant  forms  of  ER-a 

which  would  all  contribute  to  the  final  ER  mediated  biological  response.  As  well,  our  data 

do  not  exclude  the  possibility  that  other  alterations  have  occurred  in  T5-PRF  cells  which, 

in  combination  with  an  altered  ER-a  variant,  may  contribute  to  the  estrogen-independent 

phenotype  of  T5-PRF  cells. 

It  has  previously  been  shown  that  breast  cancer  cells  can  adapt  to  low  levels  of 
estrogen  by  enhancing  their  sensitivity  to  estrogen  (52).  Estrogen-deprivation  of  MCF-7 
human  breast  cancer  cells  resulted  in  estrogen  hypersensitivity  and  maximal  growth  was 
achieved  with  an  estrogen  concentration  4-5  orders  of  magnitude  lower  than  wild-type 
cells.  These  researchers  also  found  that  the  concentration  of  ICI  needed  to  inhibit  growth 
of  these  cells  was  ~6  orders  of  magnitude  lower  than  wild-type  cells,  supporting  the 
hypothesis  in  this  model,  that  increased  sensitivity  to  ER  ligands  had  occurred.  While 
supersensitivity  to  estrogen  in  T5-PRF  cells  cannot  be  entirely  ruled  out,  we  have 
previously  shown  that,  while  T5-PRF  cells  are  sensitive  to  growth  inhibition  by  IQ 
164,384,  in  contrast  to  the  data  of  Masamura  et  al ,  they  are  less  sensitive  than  the  parental 
T5  cells  (i.e.  IDg^  100  nM  and  5|i.M  for  T5  and  T5-PRF,  respectively),  suggesting  that  in  this 
model  other  mechanisms  are  likely  involved. 

Our  data  do  not  address  the  mechanism  by  which  d3/4  enhances  ER  transcriptional 
activity,  but  several  possibilities  exist.  The  ER-a  contains  at  least  two  separate  regions  that 
are  required  for  optimal  transcriptional  activation  (42,43).  The  amino-terminal  region 
contains  promoter  and  cell-type  specific  ligand-independent  transcriptional  activity  (AFl) 
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and  the  second,  AF2,  is  located  in  the  ligand-binding  carboxyl-terminus  of  the  receptor. 
Exon  3/4  deleted  ER-a  containing  an  intact  AF2  or  AFl  domain  could  interfere  with,  or 
sequester  an  ER-a  repressor  protein  resulting  in  increased  ER-a  transcriptional  activity  in 
the  absence  of  ligand  (53).  This  variant  may  also  retain  the  ability  to  interact  with  other  ER- 
a  regulatory  proteins  such  as  coactivators  or  components  of  the  basal  transcription 
machinery. 

ER-a  also  contains  two  domains  involved  in  dimerization  (54,55).  A  weak 
dimerization  interface  is  present  in  the  DNA-binding  domain  (DBD)  and  a  strong  interface 
is  located  in  the  C-terminal  ligand-binding  domain  (56).  d3/4  containing  an  intact  C- 
terminal  dimerization  domain,  may  form  heterodimers  with  wild-type  ER-a  that  have 
altered  transcriptional  regulatory  properties  through  differing  protein-protein  interactions. 

The  crystal  structure  of  the  ER-a  hormone  binding  domain  has  recently  been 
elucidated  (57).  Based  on  this  structure,  the  d3/4  protein  would  contain  many  of  the 
regions  essential  for  transactivation,  including  the  predominant  helix  12  (encompassing 
amino  acids  539-547).  However,  since  d3/4  alone  has  no  transcriptional  activity  (at  least  on 
a  classical  ERE  regulated  promoter)  the  structure  must  be  sufficiently  altered  to  prevent 
activity,  or  AF2  can  only  be  activated  in  a  ligand-dependent  manner  but  d3/4  cannot  bind 
ligand.  Helix  12  in  AF2  is  believed  to  be  the  main  region  involved  in  coactivator 
recruitment  and  it  may  be  possible  that  d3/ 4,  following  heterodimerization  with  ER-a, 
enhances  recruitment  of  coactivators  to  the  basal  transcription  complex  and  this  enhances 
ER-a  activity. 

We  have  found  that  using  a  transient  expression  system,  the  d3/4  ER-a  caused 
increased  ligand-independent  wild-type  ER-a  activity  and  also  enhanced  the  ligand- 
induced  ER-a  transcriptional  activity,  despite  the  fact  that  on  its  own  this  variant  is  not 
transcriptionally  active  on  a  classical  ERE  promoter,  nor  does  it  bind  ligand  in  vitro  to  any 
significant  degree.  Studies  have  demonstrated  that  the  ability  of  steroid  hormone  receptors 
to  modulate  transcription  does  not  necessarily  require  that  the  receptors  bind  DNA.  PRc, 
an  N-terminally  truncated  PR  isoform  lacking  the  first  zinc-finger  of  the  DBD,  has  no 
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transcriptional  activity  of  its  own  but  has  been  shown  to  enhance  progestin-induced 

transcriptional  activity  (58).  The  DBD  of  the  ER-a  does  not  appear  to  be  necessary  for 

raloxifene  activation  of  the  TGFp3  gene  (59)  and  ER-a  can  activate  transcription  from  AP-1 

dependent  promoters  through  a  DNA  binding-independent  pathway  (60).  Spl  and  ER-a 

directly  interact  to  enhance  estrogen-induced  transactivation  of  the  Spl-dependent  Hsp27 

gene  promoter  and  the  DBD  of  the  ER-a  is  not  required  (61). 

Recent  research  has  demonstrated  that  the  ER-a  can  be  activated  in  a  ligand- 
independent  fashion  (62-64).  Studies  have  shown  that  several  growth  factors  such  as 
epidermal  growth  factor  (EGF),  transforming  growth  factor  alpha  (TGFa)  and  insulin-like 
growth  factor  (IGF-1)  were  able  to  activate  the  ER-a  in  the  absence  of  ligand.  The  ability  to 
activate  the  ER-a  in  the  absence  of  estrogen  could  confer  a  growth  advantage  to  breast 
cancer  cells  and  aid  in  the  development  of  a  hormone-independent  phenotype.  The 
presence  of  alternate  forms  of  ER-a  capable  of  interacting  with  wild-type  ER-a  to  increase 
ligand-independent  activity  could  also  confer  a  potential  growth  advantage  to  breast  cancer 
cells.  A  recent  study  has  shown  that  constitutively  active,  ligand-independent  ER-a 
mutants  undergo  conformational  changes  and  interactions  with  coactivators  that  mimic 
changes  in  ER-a  that  are  usually  regulated  by  ligand  (65).  Recently,  researchers  have 
shown  that  TR-32  is  a  ligand-independent  activator  of  the  gene  encoding  thyrotropin- 
releasing  hormone  (TRH)  and  have  mapped  a  region  in  the  N-terminus  of  the  receptor 
responsible  for  this  activity  (66).  These  researchers  suggest  that  the  mechanism  of  ligand- 
independent  activation  involves  direct  interaction  of  the  TR-|32  amino  terminus  with 
either  transcriptional  cofactors  or  the  basal  transcription  machinery  itself. 

An  increased  relative  expression  of  variant  ER-a  proteins  containing  intact  AF 
domains,  could  result  in  increased  interactions  with  the  ER-a  and/or  other  proteins 
involved  in  ER-a  transcriptional  activity.  This  could  be  a  potential  mechanism  for 
estrogen-independent  growth  associated  with  the  presence  of  one  or  more  variant  ER 
species  and  could  explain  the  increased  ER-a  activity  we  have  seen  with  the  d3/4  ER-a. 
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HGURE  LEGENDS 

Figure  1.  ER  transcriptional  activity.  A.  T5  and  T5-PRF  cells  were  transfected  and  CAT  assays 
performed  as  described  in  Methods.  Results  are  expressed  as  fold  CAT  activity  compared  to  T5 
basal  (arbitrarily  set  at  1.0).  *p<0.05.  Student's  t-test  (compared  to  T5  basal).  Results  represent 
mean  +  SEM,  n=7.  B.  T5  and  T5-PRF  cells  were  transfected  and  CAT  assays  performed  as 
described  in  Methods.  T5-PRF  cells  were  treated  with  ICI  164,384  alone  under  basal  (estrogen- 
free)  conditions.  Results  represent  fold  CAT  activity  as  compared  to  T5  basal,  n=2. 

Figure  2.  Basal  progesterone  receptor  levels.  PR  levels  were  determined  by  whole  cell  binding 
as  described  in  Methods.  PR  levels  are  expressed  as  fmol  PR/ 10®  cells  and  results  represent 
mean  +  SEM,  n=3,  **p<0.01.  Student's  t-test. 

Figure  3.  Identification  of  exon  3/4  deleted  variant  ER-a  mRNA.  A.  Long-range  ER-a  RT-PCR. 
Total  RNA  was  extracted  from  T5  and  T5-PRF  cells,  reverse  transcribed  and  PCR  amplified 
using  1/8U  and  1/8L  primers.  Labelled  PCR  products  were  separated  on  3.5%  acrylamide-urea 
gels  and  visualized  using  autoradiography.  WT-ER  =  wild  type  ER-a,  D7-ER  =  exon  7  deleted 
ER-a,  D4-ER  =  exon  4  deleted  ER-a  and  D3/4-ER  =  exon  3  and  4  deleted  ER-a,  based  on  size 
compared  to  labelled  markers  (not  shown).  B.  Sequence  of  d3/4  ER-a  cDNA.  The  928bp  PCR 
product  was  excised  from  a  gel  and  subcloned  (in  triplicate)  and  three  colonies  from  each 
independent  subcloning  were  sequenced  to  confirm  the  identity  of  d3/4  cDNA. 

Figure  4.  In  vitro  transcription/translation  and  Western  blotting  of  d3/4  protein.  A. 
Expression  vectors  containing  wild-type  ER-a  (lane  1)  and  d3/4  cloned  into  pSG5  (lane  2)  were 
subjected  to  in  vitro  transcription/translation  reactions  in  the  presence  of  “S-methionine. 
Reaction  products  were  run  on  10%  SDS-acrylamide  gel,  dried  and  exposed  to  film  overnight. 
B.  In  vitro  transcription/translation  products  were  run  on  10%  SDS-acrylamide  gels, 
transferred  to  nitrocellulose  and  Western  blotting  performed.  Lanes  1  and  2  were  visualized 
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using  ER-a  Ab  H226  (epitope  located  in  ER-a  exon  1/2)  and  lanes  3  and  4  using  ER-a  Ab  308 
(epitope  located  in  ER-a  exon4). 

Figure  5.  In  vivo  expression  of  d3/4  protein.  MCFIOAI  human  breast  epithelial  cells  were 
transfected  with  the  appropriate  expression  vector,  cells  were  lysed  in  8M  urea,  and  10  pg 
protein  run  on  a  10%  SDS-acrylamide  gel.  Gels  were  transferred  to  nitrocellulose  and  Western 
blotting  performed  using  ER-a  Ab  H226.  Lane  1.  Control  cells  transfected  with  5  fig  of  vector 
(pSG5)  alone;  Lane  2.  Cells  transfected  with  5  |xg  HEGO  (WT-ER-a)  expression  vector;  Lane  3. 
Cells  transfected  with  5  |ig  d3/4  expression  vector;  Lane  4.  In  vitro  transcribed/translated  WT- 
ER-a  (1  pi);  Lane  5.  In  vitro  transcribed /translated  d3/4  ER-a  (2  pi). 

Figure  6.  Activity  of  d3/4  in  ER-a  negative  cells.  A.  MDA-MB-231  cells  were  transfected  with 
5pg  ERE-tk-CAT,  Ipg  pCHllO,  0.5pmol  HEGO  +  0.5-2pmol  d3/4  +  vector  DNA  to  give  a  total  of 
17  pg  DNA/ dish  .  Cells  were  treated  with  lOnM  estradiol  (E2)  for  24h  or  vehicle  alone  as 
control.  Results  are  expressed  as  fold  CAT  activity  compared  to  basal  HEGO  activity  arbitrarily 
set  as  1.  Histograms  represent  mean  ±  SEM,  n=5-7.  *b=p<0.05  paired  Student’s,  t-test,  result 
compared  to  basal  HEGO  alone;  *e=p<0.05  paired  Student's  t-test,  result  compared  to  estradiol 
treated  HEGO  alone.  B.  MCFIOAI  cells  were  similarily  transfected.  Histograms  represent  mean 
+  SEM,  n=4.  *b=p<0.05  paired  Student's  t-test,  result  compared  to  basal  HEGO  alone,  *e=p<0.05, 
paired  Student's  t-test,  result  compared  to  estradiol  treated  HEGO  alone. 

Figure  7.  Transient  transfection  of  d3/4  expression  vector  into  T5  cells.  Cells  were  grown  in 
PRF-DMEM  as  described  in  Methods  and  transfected  with  5pg  ERE-tk-CAT  expression  vector,  5 
pg  pCHllO  along  with  the  appropriate  amount  of  d3/4  expression  vector.  Cells  were  treated 
with  vehicle  or  lOnM  estradiol  (E2)  for  24h,  harvested  and  CAT  assays  performed.  Results 
represent  mean  +  SEM,  n=2-5,  *b=p<0.05  Wilcoxon's  rank  sum  test,  result  compared  to  basal 
ERE-tk-CAT  activity,  *e=p<0.05  Wilcoxon's  rank  sum  compared  to  estradiol  treated  ERE-tk- 
CAT  activity. 
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Abstract.  The  potential  for  multiforms  of  estrogen  receptor  like  proteins  to  be  expressed  in 
human  breast  tissue  is  supported  by  the  detection  of  estrogen  receptor-a  mRNA,  estrogen 

receptor-p  mRNA  and  their  variant  mRNAs  In  both  normal  and  neoplastic  human  breast 

tissues.  This  suggests  that  studies  of  the  Interaction  of  estrogen  and  antiestrogen  with  human 
breast  tissue  must  take  Into  account  the  multifaceted  nature  of  the  estrogen  receptor. 
Alterations  in  the  expression  of  the  mRNA  of  the  various  estrogen  receptor  facets  during 
breast  tumorigenesis  and  breast  cancer  progression  suggest  possible  roles  in  these  complex 
processes.  However,  there  are  still  major  gaps  that  need  to  be  addressed  before  we  have  a 
clear  idea  of  the  pathophysiological  and  functional  relevance  of  the  experimental  results  so 
far  published. 


LC  Murphy  etal 


-3- 


Introduction. 

Estrogen  is  a  major  regulator  of  mammary  gland  development  and  function  as  well  as 
affecting  the  growth  and  progression  of  mammary  cancers  (1,2).  In  particular  the  growth 
responsiveness  of  breast  cancer  cells  to  estrogen  Is  the  basic  rationale  for  the  efficacy  of  the 
so-called  endocrine  therapies  such  as  antiestrogens.  Estrogens  mediate  their  action  via  the 
estrogen  receptor  (ER)  which  belongs  to  the  steroid/thyroid/retinoid  receptor  gene  superfamily 
(3),  The  protein  products  of  this  family  are  intracellular  ligand-activated  transcription  factors 
regulating  the  expression  of  several  gene  products,  which  ultimately  elicit  a  target  tissue 
specific  response  (4).  Indeed  ER  together  with  progesterone  receptor  (PR)  expression  in 
human  breast  tumors  are  important  prognostic  indicators  as  well  as  markers  of  responsiveness 
to  endocrine  therapies  (5,6).  However,  although  the  majority  of  human  breast  cancers  are 
thought  to  be  initially  hormone  responsive  It  Is  well  appreciated  that  alterations  In 
responsiveness  to  estrogen  must  occur  during  breast  tumorigenesis  and  in  particular  during 
breast  cancer  progression  since  several  ER+  breast  cancers  are  de  novo  resistant  to 
endocrine  therapies  and  of  those  that  originally  respond  many  develop  resistance.  This 
progression  from  hormonal  dependence  to  independence,  is  a  significant  clinical  problem 
since  it  limits  the  useful  of  the  relatively  non-toxic  endocrine  therapies  and  is  associated  with  a 
more  aggressive  disease  phenotype  (7).  This  occurs  despite  the  continued  expression  of  ER 

and  often  PR  (8,9).  The  ER  is  pivotal  in  estrogen  and  antiestrogen  action  in  any  target  cell, 
however,  the  nature  of  the  ER  is  now  clearly  multifaceted. 

Until  recently  it  was  thought  that  only  one  ER  gene  existed.  However  a  novel  ER,  now 
referred  to  as  ER-p,  has  recently  been  cloned  and  characterized  (10,11).  Moreover,  it  has 
recently  been  shown  that  ER-p  mRNA  is  expressed  in  both  normal  and  neoplastic  human 

breast  tissue  (12-14).  This  suggests  that  ER-p  may  have  a  role  in  estrogen  action  in  both 
normal  and  neoplastic  human  breast  tissue.  Furthermore,  it  has  now  become  apparent  that 
several  variant  mRNA  species  of  both  the  classical  ER-a  and  ER-p  can  be  expressed  In  human 
breast  tissues  and  may  therefore  have  roles  in  estrogen  and  antiestrogen  signal  transduction 
(13,15-18).  The  current  data  suggest  that  an  evaluation  of  estrogen  interaction  with  human 
breast  tissue  needs  to  include  ER-a,  ER-p  and  any  variant  forms  of  these  receptors  that  may  be 
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expressed.  The  following  article  focuses  on  this  multifaceted  nature  of  the  ER  in  human  breast 
tissues. 

I.  Estrogen  Receptor-a  and  its  Variants. 

i.  Identification  of  ER-a  variant  mRNAs  in  Human  Breast  Tissues.  A  large  body 
of  data  has  accumulated  supporting  the  existence  of  ER-a  variants  (19,20).  The  majority  of 
the  data  supporting  the  expression  of  ER-a  variants  has  been  at  the  mRNA  level.  Two  main 
structural  patterns  of  ER-a  variant  mRNAs  have  been  consistently  identified:  the  truncated  ER- 

a  mRNAs  (21)  and  the  exon  deleted  ER-a  mRNAs  (22).  The  truncated  ER-a  mRNAs  were 
originally  identified  by  Northern  blot  analysis  as  fairly  abundant  smaller  sized  mRNA  species  in 
some  human  breast  cancer  biopsy  samples  (23).  The  cDNAs  of  several  truncated  ER-a 
mRNAs  have  been  cloned  and  found  to  contain  authentic  polyadenylation  signals  followed  by 
poly  A  tails.  The  exon  deleted  ER-a  mRNAs  have  been  identified  mainly  from  reverse 
transcription  polymerase  chain  reaction  (RT-PCR)  products  using  targeted  primers. 

Multiple  ER-a  variant  mRNAs  are  often  detected  in  any  one  tumor  sample.  In  order  to 
determine  the  relative  frequency  and  pattern  of  variant  expression  in  any  one  sample  an  RT- 
PCR  approach  was  developed  which  allowed  the  simultaneous  detection  of  all  deleted  ER- 
a  variant  mRNAs  containing  the  primer  annealing  sites  In  exons  1  and  8,  at  levels  that 
represent  their  initial  relative  representation  in  the  RNA  extract.  Since  truncated  transcripts  do 
not  have  exon  8  sequences  they  will  not  be  measured  by  this  technique.  Examples  of  the 
results  obtained  are  shown  (Figure  1)  and  serve  to  illustrate:  I)  that  a  complex  pattern  of  exon 

deleted  variant  ER-a  transcripts  are  expressed  in  any  one  tumor;  il)  that  the  pattern  and  relative 
frequency  of  detection  of  ER-a  variant  mRNAs  can  vary  between  tumors,  and  iii)  that  in  some 

cases  the  relative  frequency  of  detection  of  individual  ER-a  variant  mRNAs  can  be  correlated 
with  known  prognostic  markers  (24). 

An  example  of  such  a  correlation  Is  shown  in  Figure  2  (25).  The  expression  of  the 
truncated  clone  4  ER-a  variant  mRNA  was  measured  relative  to  the  wild  type  ER-a  mRNA  in  a 

group  of  breast  tumors.  The  relative  expression  of  the  clone  4  variant  was  significantly 
increased  In  those  tumors  with  characteristics  of  poor  prognosis  compared  to  those  tumors  with 
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good  prognostic  characteristics  i.e.  clone  4  expression  was  higher  in  large  tumors  with  high  S 
phase  fraction  and  from  patients  with  nodal  involvement;  compared  to  small  tumors  with  low  S 
phase  fraction  and  from  patients  without  nodal  involvement.  As  well  in  this  group  the  relative 
expression  of  clone  4  was  significantly  higher  in  PR  negative  tumors  versus  PR+  tumors, 
suggesting  a  correlation  of  increased  truncated  variant  expression  and  markers  of  endocrine 
resistance. 

The  data  supported  the  possibility  that  ER-a  variant  proteins  might  exist,  their  pattern 
and  frequency  changed  amongst  tumors,  and  in  some  cases  the  expression  of  single  ER-a 
variant  mRNA  species  was  correlated  with  known  markers  of  prognosis  and  endocrine 
sensitivity.  Which  in  turn  suggested  the  hypothesis  that  altered  expression  of  ER-a  variants 
could  be  a  mechanism  associated  with  hormonal  progression  in  breast  cancer, 
ii.  Putative  Biological  Significance  of  ER-a  variant  mRNAs.  Important  Issues 

associated  with  the  biological  significance  of  ER-a  variant  mRNAs  are  whether  they  are  tumor 

specific  and  the  presence  of  proteins  corresponding  to  those  predicted  from  the  variant 
mRNAs. 

iia.  The  Expression  of  ER-a  variant  mRNAs  in  Normal  and  Neoplastic  Human 
Breast  Tissue.  Most  studies  investigating  ER-a  variant  mRNAs  have  used  human  breast 
cancer  tissues  or  cell  lines  (19).  However,  it  is  now  known  that  both  truncated  and  exon 
deleted  ER-a  variant  mRNAs  can  be  detected  in  other  tissues  including  normal,  non-neoplastic 
tissues  (19).  In  particular  ER-a  variant  mRNAs  have  been  identified  in  normal  human  breast 
tissue  and  cells  (26-29).  Therefore,  ER-a  variant  mRNAs  are  not  tumor  specific,  are  not  found 

in  the  complete  absence  of  the  wild  type  ER-a  mRNA  and  are  most  likely  generated  by 
alternative  splicing  mechanisms. 

This  raised  the  question  of  whether  the  expression  of  ER-a  variant  mRNAs  is  altered 
during  breast  tumorigenesis  and/or  progression.  When  the  level  of  expression  of  individual 
variant  ER-a  mRNAs  was  measured  relative  to  the  level  of  the  wild  type  ER  transcript 
differences  between  normal  and  breast  tumor  tissues  were  found.  The  relative  expression  of 
clone  4  truncated  ER-a  variant  mRNA  and  the  exon  5  deleted  ER-a  variant  mRNA  but  not  the 
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exon  7  deleted  ER-a  variant  mRNA  was  significantly  increased  in  breast  tumors  compared  to 
normai  breast  tissues  obtained  from  both  reduction  mammopiasties  and  normal  tissues 
adjacent  to  breast  tumors  (26,27).  Preliminary  data  suggests  that  this  is  also  true  for  samples 
of  ER  positive  breast  tumors  and  their  matched,  adjacent  normai  tissues  (Leygue  et  ai, 
unpublished  data).  As  weii,  there  is  evidence  suggesting  that  an  exon  3  deleted  ER-a  variant 
mRNA  is  decreased  in  breast  cancers  compared  to  normai  human  breast  epithelium  (29). 
Since  this  ER-a  variant  mRNA  encodes  a  protein  which  can  inhibit  wild  type  ER-a 
transcriptional  activity  (30)  and  cause  growth  suppression  when  stably  overexpressed  in  ER+ 
MCF-7  human  breast  cancer  cells  (29),  it  was  concluded  that  the  exon  3  deleted  ER-a  variant 
may  function  to  attenuate  estrogenic  effects  in  normal  mammary  epithelium,  a  function 
markedly  reduced  via  decreased  exon  3  deleted  ER-a  expression  during  breast 

tumorigenesis.  In  preliminary  studies  of  ER+  human  breast  tumor  samples  and  their  matched 
adjacent  normal  tissues,  a  statistically  significant  decreased  relative  expression  of  the  exon  3 

deleted  ER-a  mRNA  in  the  tumor  compared  to  the  normal  breast  tissues  was  noted  (Leygue  et 
ai,  unpublished  data). 

The  available  data  provide  evidence  for  an  extensive  and  complex  pattern  of  alternative 
splicing  associated  with  the  ER-a  gene,  which  may  be  altered  during  breast  tumorigenesis. 

lib.  Specificity  of  ER-a  Splice  Variants  in  Human  Breast  Tumors.  It  is  unlikely  that 
the  mechanisms  generating  alternatively  spliced  forms  of  ER-a  are  due  to  a  generalized 
deregulation  of  splicing  processes  within  breast  tumors,  since  similar  variants  for  the 
glucocorticoid  receptor  (16,28),  the  retinoic  acid  receptors-a  and  y  (28)  and  vitamin  D3 

receptor  (16)  have  not  been  found  in  breast  tumor  tissues.  However,  similar  splice  variants  of 
PR  (section  3)  were  found  in  both  normal  and  neoplastic  breast  tissues  (31,32). 

He.  Expression  of  ER-a  Variant  mRNAs  During  Breast  Cancer  Progression.  As 
described  above  the  relative  expression  of  at  least  one  ER-a  variant  mRNA  I.e.  clone  4 

truncated  ER-a  mRNA,  Is  significantly  higher  in  primary  breast  tumors  with  characteristics  of 
poor  prognosis  (including  the  presence  of  concurrent  lymph  node  metastases)  compared  to 
primary  tumors  with  good  prognostic  markers  (including  lack  of  concurrent  lymph  node 
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metastases)  (25).  An  increased  relative  expression  of  exon  5  deleted  ER-a  mRNA  has  been 

found  in  locoregional  breast  cancer  relapse  tissue  (in  the  same  breast  as  the  original  primary 
tumor  but  no  lymph  node  metastases)  obtained  from  patients  following  a  median  disease-free 
intenral  of  15  months,  compared  to  both  the  corresponding  primary  breast  tumor  (33),  and  the 
primary  breast  tumor  tissue  of  patients  who  did  not  relapse  during  this  period.  Although  the 
difference  did  not  reach  statistical  significance,  these  same  authors  reported  a  trend  towards 

higher  relative  expression  of  exon  5  deleted  ER-a  mRNA  in  primary  tumors  of  women  who 
relapsed  compared  to  primary  tumors  of  those  that  did  not  relapse.  Together  these  data 
suggest  that  as  well  as  altered  expression  of  ER-a  variant  mRNA  occurring  during  breast 

tumorigenesis  further  changes  in  ER-a  variant  expression  can  occur  during  breast  cancer 
progression.  However,  another  study  has  recently  found  no  significant  differences  in  the 
relative  expression  of  clone  4  truncated,  exon  5  deleted,  and  exon  7  deleted  ER-a  mRNAs 
between  a  series  of  primary  breast  tumors  and  their  matched  concurrent  lymph  node 
metastasis  (34),  suggesting  that  altered  expression  of  ER-a  variant  mRNAs  likely  occurs  prior 

to  the  acquisition  of  the  ability  to  metastasize  and  therefore  may  be  a  marker  of  future 
metastatic  potential.  This  hypothesis  remains  to  be  tested. 

iid.  Expression  of  ER-a  variant  mRNAs  and  Endocrine  Resistance.  The 
hypothesis  that  altered  forms  of  ER-a  may  be  a  mechanism  associated  with  endocrine 
resistance  has  been  suggested  for  some  time.  Moreover,  the  identification  of  ER-a  variant 
mRNAs  in  human  breast  biopsy  samples  (23,35,36)  provided  good  preliminary  data  for  the 
hypothesis.  As  well  preliminary  functional  data  of  the  recombinant  exon  5  deleted  ER-a  protein 
suggested  that  it  possessed  constitutive,  hormone  independent  transcriptional  activity  which 
was  about  15%  that  of  the  wild  type  ER  (36).  The  data  using  a  yeast  expression  system  were 
also  consistent  with  the  correlation  of  relatively  high  levels  of  exon  5  deleted  ER-a  mRNA  in 
several  human  breast  cancer  biopsy  samples  classified  as  ER-  and  PR+  and/or  pS2+  (36, 
37,38).  It  was  also  found  that  the  exon  5  deleted  ER-a  mRNA  was  often  coexpressed  at 
relatively  high  levels  with  the  wild  type  ER-a  in  many  human  breast  cancers  which  were  ER+ 
(38).  Interestingly,  It  has  been  observed  that  transiently  expressed  exon  5  deleted  ER-a  has 
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an  inhibitory  effect  on  endogenously  expressed  wild  type  ER-a  In  MCF-7  human  breast  cancer 
cells  (39),  although  it  does  not  decrease  the  wild  type  activity  to  the  same  extent  as 
hydroxytamoxifen.  In  contrast,  In  human  osteosarcoma  cells  exon  5  deleted  ER-a  was  shown 
to  have  little  effect  alone  but  significantly  enhanced  estrogen  stimulated  gene  expression  by 
transiently  coexpressed  wild  type  ER-a  (40).  The  limitations  of  transient  expression  analysis 
was  addressed  by  two  groups  who  stably  overexpressed  the  exon  5  deleted  ER-a  in  MCF-7 
human  breast  cancer  cells  (41,42).  However,  different  phenotypes  were  obtained  by  the  two 
groups.  No  effect  of  the  recombinant  exon  5  deleted  ER-a  on  growth  or  estrogen/antiestrogen 
activity  in  MCF-7  cells  was  found  in  one  study  (41),  while  in  the  other  study  (42)  the 
overexpression  of  recombinant  exon  5  deleted  ER-a  in  MCF-7  cells  was  associated  with 

estrogen  independent  and  antiestrogen  resistant  growth.  The  reasons  for  the  differences 
between  the  two  studies  are  unclear,  but  may  be  due  to  different  MCF-7  background  or 
additional  changes  which  could  have  occurred  In  the  transfectants  in  addition  to  transgene 
expression.  It  should  be  noted  that  the  transgene  in  the  Rea  and  Parker  study  was  episomally 
maintained  while  in  the  study  by  Fuqua  ef  a/.,  the  transgene  was  presumably  integrated  into 
the  host  chromosomes  in  a  random  fashion.  The  results  obtained  using  recombinant 

expression  of  a  putative  ER-a  variant  thought  to  have  a  functional  role  in  hormonal  resistance 
in  human  breast  cancer,  were  variable  suggesting  possibly  cell  and  promoter  specific 
differences.  However,  Irrespective  of  the  function  displayed  by  the  exon  5  deleted  ER-a  under 
the  different  experimental  conditions,  the  in  vivo  relevance  of  the  expression  levels  achieved 
in  the  above  experiments  is  likely  questionable  (24,39). 

Several  laboratories  have  developed  cell  culture  models  of  estrogen  independence 
and  antiestrogen  resistance.  Variable  results  have  been  obtained  when  the  association  of 

altered  ER-a  variant  mRNA  expression  with  these  phenotypes  was  investigated.  An  increased 

relative  expression  of  an  exon  3+4  deleted  ER-a  variant  mRNA  was  found  in  an  estrogen 

independent  MCF-7  cell  line  (T5-PRF)  derived  by  long  term  growth  in  estrogen  depleted 
medium  (43,44).  However,  this  cell  line  was  still  sensitive  to  antiestrogens  (43).  Although  one 
cell  line  that  was  tamoxifen  resistant  had  differential  expression  of  an  exon  2  deleted  ER-a  and 
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an  exon  5  deleted  ER-a  mRNA  compared  to  the  parental  cell  line  (45),  other  independently 
derived  antiestrogen  resistant  clones  showed  no  major  differences  in  the  expression  of  ER-a 
variant  mRNAs  (46,47). 

Investigation  of  ER-a  splice  variants  using  clinical  tissue  samples  has  also  led  to 

variable  conclusions.  The  relative  expression  of  the  clone  4  truncated  ER-a  variant  mRNA  was 
significantly  Increased  In  primary  breast  tumors  with  characteristics  of  poor  prognosis 
compared  to  tumors  with  good  prognostic  characteristics  (25).  As  well  the  relative  expression 
of  clone  4  was  significantly  higher  in  PR-  versus  PR+  tumors,  suggesting  a  correlation  of 
increased  truncated  variant  expression  and  markers  of  endocrine  resistance  (25). 
Furthermore,  an  increased  frequency  of  detection  of  ER-a  variant  mRNAs  deleted  in  exons  2-4 
and  3-7  was  associated  with  high  tumor  grade,  but  an  Increased  detection  of  an  exon  4 
deleted  ER-a  variant  mRNA  was  associated  with  low  tumor  grade  (24).  The  presence  of  exon 

5  deleted  ER-a  mRNA  was  found  in  one  study  to  be  associated  with  increased  disease  free 

sun/ival  (39).  However,  no  difference  in  the  relative  expression  of  an  exon  5  deleted  ER-a 
variant  mRNA  was  found  between  all  tamoxifen  resistant  tumors  and  primary  control  breast 
tumors  (37),  although  in  the  subgroup  of  tamoxifen  resistant  tumors  which  were  ER+/pS2+,  the 
relative  expression  of  the  exon  5  deleted  ER-a  was  significantly  greater  than  the  control 
tamoxifen  sensitive  group. 

Although  increased  expression  of  any  one  ER-a  variant  does  not  correlate  with 

tamoxifen  resistance  of  breast  cancers  overall,  its  association  with  and  therefore  possible 
involvement  in  endocrine  resistance  in  some  tumors  cannot  be  excluded.  Moreover,  the 

presence  of  multiple  types  of  ER-a  variant  mRNAs  in  any  one  tumor  or  normal  tissue  sample 

has  been  well  documented  (24,28)  but  no  data  have  been  published  In  which  total  ER-a 
splice  variant  expression  has  been  analyzed  in  relationship  to  endocrine  resistance  and 
prognosis.  Although  mutations  have  been  found  in  the  ER-a  gene  In  human  breast  tumors, 
they  are  rare  and  are  not  more  frequent  in  tamoxifen  resistant  tumors  (48). 
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iie.  Identification  of  ER-a  variant  Proteins.  An  important  issue  remains  the  detection  of 

proteins  that  correspond  to  those  encoded  by  ER-ct  variant  mRNAs.  It  is  relevant  therefore  to 
understand  what  the  structure  of  these  proteins  is.  The  predicted  proteins  of  some  of  the  most 
frequently  detected  ER-a  variant  transcripts  are  shown  schematically  in  Figure  3.  All  of  these 
variant  transcripts  would  encode  ER-a  proteins  missing  some  structural/functional  domains  of 
the  wild  type  ER-a.  While  the  ER-a  variant  transcripts  encode  several  different  types  of  protein, 

there  are  some  common  themes  that  emerge.  A  common  feature  of  these  putative  proteins  is 
the  universal  presence  of  the  A/B  region  which  Is  known  to  contain  the  ceil  and  promoter 

specific  AF-1  function.  Exon  4  deleted  and  exon  3  +  4  deleted  ER-a  mRNAs  are  in  frame  and 

encode  proteins  that  do  not  bind  ligand.  However,  the  majority  of  the  most  abundantly 
expressed  variant  transcripts  i.e  exon  7  deleted,  an  exon  4  -h  7  deleted  and  the  clone  4 

truncated  ER-a  mRNAs  encode  proteins  which  are  C-terminally  truncated,  and  cannot  bind 
ligand.  So  another  common  feature  is  the  Inability  to  bind  ligand.  The  results  obtained  in 
which  recombinant  techniques  were  used  to  measure  the  function  of  individual  ER-a  variants 
in  vitro  are  variable  and  often  depend  upon  coexpression  of  the  wild  type  receptor.  While  it  is 
difficult  to  make  general  conclusions  many  recombinant  ER-a  variant  proteins  have  been 
observed  to  modulate  the  activity  of  the  wild  type  receptor.  However,  the  relevance  of  the 
relative  levels  of  expression  of  wild  type  and  variant  ER-a  proteins  that  are  achieved  under  the 
experimental  conditions  used,  is  unclear  since  limited  data  have  been  published 
characterizing  the  detection  of  ER-a  variant  proteins  that  are  encoded  by  known  ER-a  variant 
mRNAs  in  tissues  or  cells  in  vivo. 

From  a  different  perspective,  the  prediction  that  the  majority  of  ER-a  variant  proteins  are 
C-terminally  truncated  has  implications  with  respect  to  the  determination  of  ER  status  as 
commonly  assayed  now.  In  particular,  earlier  detection  and  changes  in  clinical  practice  have 
resulted  in  smaller  amounts  of  breast  tumor  tissue  being  available  for  assay,  and  the  use  of 
immunohistochemical  methods  to  assess  ER  status  becoming  more  common.  Therefore, 

depending  on  the  antibodies  used,  the  presence  of  C-terminally  truncated  ER-a  variant 
proteins  could  theoretically  Influence  determination  of  ER  status  of  the  tumor  sample.  We  have 
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tested  this  experimentally  by  transiently  transfecting  wild  type  ER-a  and  clone  4  truncated  ER-a 
expression  vectors  into  Cos-1  cells,  and  determining  ER  status  of  the  cells  using  antibodies 
either  to  the  N-terminus  of  the  ER-a  (Fig  3, 1 D5,  DAKO)  and  antibodies  to  the  C-terminus  (Fig 

3,  AER311,  Neomarkers).  Our  preliminary  data  using  different  combinations  of  wild  type  ER-a 

and  variant  ER-a  expression  vectors  transfected  into  Cos-1  cells  indicate  that  the  signals 

(expressed  as  H-scores  which  take  Into  account  the  intensity  of  staining  and  the  number  of 
positively  staining  cells)  obtained  with  the  N-terminal  and  C-terminal  antibodies  become 
increasing  discrepant  (N-terminal>C-terminal  signal)  with  increasing  variant  expression, 

presumably  due  to  increased  ER-a-like  proteins  containing  the  N-terminal  region  but  not  the  C- 
terminal  region.  These  preliminary  data  suggested  that  increased  expression  of  C-terminally 
truncated  ER-a  variant  proteins  could  Interfere  with  the  immunohistochemical  determination  of 
ER  status. 

This  possibility  was  investigated  in  human  breast  tumor  tissues  (49).  A  series  of  breast 
tumors  was  assayed  for  ER-a  using  this  same  set  of  antibodies,  and  the  H  scores  from  each 

antibody  were  compared  for  each  tumor.  Interestingly,  the  tumors  fell  into  two  distinct  groups, 
one  in  which  the  H-scores  obtained  with  each  antibody  were  consistent  and  not  significantly 
different  from  each  other,  and  another  group  in  which  the  H  scores  obtained  with  each 
antibody  were  inconsistent  and  significantly  different  from  each  other.  Further,  in  all  but  one 
case  the  H-score  was  higher  for  the  N-terminal  antibody  compared  to  the  C-termlnal  antibody 
(50).  As  well,  in  preliminary  experiments  using  a  subset  of  the  original  tumor  set,  we  have 
found  similar  results  using  another  set  of  N-termlnal  and  C-terminal  ER-a  antibodies.  Together 
with  the  previous  experimental  data,  one  interpretation  of  the  tumor  data  would  be  that  the 
discrepant  tumors  had  higher  levels  of  C-terminally  truncated  ER-a-like  proteins. 

To  address  the  hypothesis  that  the  C-terminally  truncated  ER-a-like  proteins  could 
correspond  to  proteins  encoded  by  ER-a  variant  transcripts,  we  compared  expression  of  ER- 
a  variant  mRNAs  in  the  consistent  and  inconsistent  tumors.  The  results  show  a  significantly 
higher  relative  expression  and  detection  of  ER-a  variant  mRNAs  which  would  encode  C- 
terminally  truncated  proteins  in  the  inconsistent  versus  the  consistent  tumors  (50).  These 
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results  suggest  that  Irrespective  of  function  the  expression  of  significant  amounts  of  C- 
terminally  truncated  ER-a  variant  proteins  could  interfere  with  the  immunohistochemical 
determination  of  ER  status  which  in  turn  might  underlie  some  of  the  inconsistencies  between 
ER  status  and  clinical  response  to  endocrine  therapy.  As  well  these  data  would  be  consistent 

with  the  hypothesis  that  ER-a  variant  mRNAs  may  be  stably  translated  in  vivo.  However,  such 
data  are  indirect  and  other  mechanisms  e.g.  altered  epitope  detection,  increased  proteolytic 
activity  etc,  may  underlie  the  discrepant  ER-a  H-scores  found  In  some  human  breast  tumors. 
More  recently,  data  published  from  several  independent  groups  support  the  detection  of  ER- 
a— like  proteins  in  both  cell  lines  and  tissues  in  vivo  which  could  correspond  to  those  predicted 

to  be  encoded  by  some  previously  identified  ER-a  variant  mRNAs.  The  presence  of  an  exon  5 

deleted  ER-a  protein  was  demonstrated  immunohistochemically  In  some  human  breast  tumors 
using  a  monoclonal  antibody  specific  to  the  predicted  unique  C-terminal  amino  acids  of  the 
exon  5  deleted  ER-a  protein  (39).  However,  although  there  was  a  correlation  between 
immunohistochemical  detection  and  presence  or  absence  of  exon  5  deleted  ER-a  mRNA 
determined  by  RT-PCR,  the  group  was  unable  to  detect  any  similar  protein  by  Western  blotting, 
suggesting  either  very  low  levels  compared  to  wild  type  ER-a  or  differential  stability  of  the 

variant  protein  relative  to  the  wild  type  ER-a  during  the  extraction  procedure.  In  addition,  an 

ER-a-like  protein  consistent  with  that  predicted  to  be  encoded  by  the  exon  5  deleted  ER  mRNA 
is  expressed  in  some  BT  20  human  breast  cancer  cell  lines  as  determined  by  Western  blot 
analysis  (51).  Western  blotting  analysis  of  ovarian  tissue  has  identified  both  a  65  kDa  wild 
type  ER-a  protein  as  well  as  a  53  kDa  protein  recognized  by  ER-a  antibodies  to  epitopes  in  the 
N-terminus  and  C-termlnus  of  the  wild  type  protein,  but  not  with  an  antibody  recognizing  an 
epitope  encoded  by  exon  4  (52).  These  results  correlated  with  the  presence  of  both  wild  type 
and  exon  4  deleted  ER-a  mRNAs  in  these  tissues,  and  suggested  that  the  53  kDa  protein  was 
derived  from  the  exon  4  deleted  ER-a  mRNA.  More  recently,  a  61  kDa  ER-a-llke  protein  and  a 
more  abundant  65  kDa  wild  type  ER-a  protein  were  identified  in  MCF-7  cells  (29).  The  61  kDa 
protein  is  thought  to  be  encoded  by  an  exon  3  deleted  ER-a  mRNA  expressed  at  low  levels  in 
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these  cells,  and  its  comigration  both  before  and  after  dephosphorylation  with  the  recombinant 
exon  3  deleted  ER-a  protein  when  expressed  at  higher  levels  after  stable  transgene 
expression  in  another  MCF-7  clone,  was  thought  to  strongly  suggest  its  identity  with  the 
recombinant  exon  3  deleted  ER-a  protein. 

There  is  accumulating  evidence  suggesting  that  variant  ER-a  proteins  which  could 
correspond  to  those  predicted  to  be  encoded  by  some  of  the  ER-a  variant  mRNAs  can  be 
detected  by  conventional  technologies  in  vivo. 

2.  Estrogen  receptor-p  and  its  Variants. 

i.ldentification  of  ER-p  mRNA  in  Human  Breast  Tissues.  With  the  discovery  of  a 
second  ER,  ER-p,  which  had  similar  yet  distinct  properties  to  ER-a  concerning  estrogen  and 
antiestrogen  action  (10,11,53,54),  and  could  directly  interact  with  the  ER-a  (55,56),  it 

became  important  to  know  if  ER-p  was  expressed  in  human  breast  tumors  and  if  so  what  role  It 
might  have  in  estrogen/antiestrogen  action  in  this  tissue. 

We  have  Identified  the  presence  of  ER-p  mRNA  both  by  RT-PCR  (12,14)  and  by  RNase 

protection  assay  (Figure  4)  (14)  in  some  human  breast  cancer  biopsy  samples  and  some 
human  breast  cancer  cell  lines.  In  situ  hybridization  analysis  suggested  that  expression  of 
ER-p  mRNA  could  be  detected  in  the  breast  cancer  cells  of  a  human  breast  cancer  biopsy 

sample  (14).  Using  an  RT-PCR  approach  to  analyze  both  ER-p  and  ER-a  mRNA  expression 
in  a  range  of  breast  tumors  (12),  the  following  was  observed:  a)  there  was  no  correlation 
between  ER-p  expression  and  ER-a  expression  in  breast  tumors;  b)  In  some  cases  both  ER- 

P  and  ER-a  mRNA  were  expressed  in  the  same  tumor;  c)  In  those  tumors  where  both  ER 
mRNAs  were  expressed  the  relative  expression  appeared  to  vary  widely  amongst  tumors. 
Furthermore,  ER-P  mRNA  can  be  detected  in  normal  human  breast  tissues  by  RT-PCR  (13) 
and  RNase  protection  assay  (14).  Although  there  are  no  data  reporting  the  expression  of  ER- 
p  protein(s)  in  human  breast  tissues  as  yet,  the  available  information  suggest  that  ER-p  may 

be  expressed  in  both  normal  and  neoplastic  human  breast  tissues  and  may  have  a  role  in 
these  tissues. 
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li.Expresslon  of  ER-p  mRNA  during  Breast  Tumorigenesis.  The  demonstration  of 
ER-p  mRNA  expression  in  both  human  breast  tumors  and  normal  human  breast  tissue 

suggests  that  the  well  documented  role  of  estrogen  in  breast  tumorigenesis  (1,57)  may 
involve  both  receptors.  Using  a  multiplex  RT-PCR  approach  it  has  now  been  shown  that  the 
ER-a/ER-p  ratio  in  a  small  group  of  ER+  human  breast  tumors,  as  assayed  by  ligand  binding, 
was  significantly  higher  than  the  ratio  in  their  adjacent  normal  breast  tissues  (58).  The 
increase  in  ER-cx/ER-p  ratio  in  breast  tumors  was  primarily  due  to  a  significant  upregulation  of 

ER-a  mRNA  expression  in  all  ER+  tumors  in  conjunction  with  a  lower  ER-p  mRNA  expression 
in  the  tumor  compared  to  the  normal  compartment  in  some  but  not  all  ER+  cases.  Interestingly, 
preliminary  data  suggest  that  the  level  of  ER-p  mRNA  in  breast  tumors  may  be  correlated  with 
the  degree  of  Inflammation  (unpublished  data).  Since  in  situ  hybridization  data  suggest  that 
expression  of  ER-p  mRNA  could  be  detected  in  the  cancer  cells  of  a  human  breast  cancer 
biopsy  sample  (14)  and  that  human  lymphocytes  in  lymph  nodes  can  also  express  ER- 
p  mRNA  (14),  it  is  possible  that  the  cell  type  contributing  to  the  expression  of  ER-p  mRNA 

may  be  heterogeneous  depending  on  the  tumor  characteristics.  Irrespective,  if  the  RNA  studies 
reflect  the  protein  levels  of  the  two  ERs,  the  results  to  date  provide  evidence  to  suggest  that  the 

role  of  ER-a  and  ER-p  driven  pathways  and/or  their  Interaction  likely  changes  during  breast 
tumorigenesis. 

III.  Identification  of  ER-p  variant  mRNAs  In  Human  Breast  Tissues.  The  presence  of 
multiple  ER-a  variant  mRNAs  in  both  normal  and  neoplastic  human  breast  tissues  has  led  to 
the  question  of  the  expression  of  ER-p  variant  mRNAs.  Several  ER-p  variant  mRNAs  have  now 
been  detected.  We  have  Identified  an  exon  5  +  6  deleted  ER-p  mRNA  in  human  breast  tumors 
(59).  This  transcript  is  in  frame  and  would  be  expected  to  encode  an  ER-p-like  protein  deleted 
of  91  amino  acids  within  the  hormone  binding  domain.  A  human  ER-p  variant  mRNA  deleted  in 
exon  5  was  Identified  in  MDA  MB  231  human  breast  cancer  cells  and  in  some  human  breast 
tumor  specimens  (18).  Although  this  same  group  was  unable  to  detect  an  exon  5  deleted  ER-p 

mRNA  in  normal  human  breast  tissue,  we  have  detected  both  an  exon  5  deleted  ER-p  mRNA 
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and  an  exon  6  deleted  ER-p  mRNA,  as  well  as  an  an  exon  5  +  6  deleted  ER-P  mRNA  In  normal 
human  breast  tissue  samples  (13)  and  In  some  human  breast  tumors.  The  exon  5  deleted  ER- 
p  mRNA  and  the  exon  6  deleted  ER-p  mRNA  are  out-of-frame  and  predicted  to  encode  C- 
terminally  truncated  ER-P-like  proteins,  which  would  not  bind  ligand.  More  recently,  several 

exon  8  deleted  human  ER-pmRNAs  have  been  identified  (17)  from  a  human  testis  cDNA 
library  and  by  RT-PCR  from  the  human  breast  cancer  cell  line  MDA  MB  435.  These  variants 
have  been  named  human  ER-p2-5.  It  should  be  noted  that  human  ER-p2  is  not  the  equivalent 
of  the  ER-p  variant  mRNA  with  an  in  frame  Insertion  of  69  nucleotides  between  exons  5  and  6 
identified  in  rodent  tissues  (13,  60,61)  and  also  named  ER-p2.  We  have  been  unable  to 
detect  an  equivalent  of  the  rodent  ER-p2  mRNA  in  any  normal  or  neoplastic  human  tissue  so 
far  studied  (13),  suggesting  species  specific  differences  in  alternative  splicing  of  the  primary 
ER-p  transcript.  Several  of  the  human  ER-p  variants  deleted  in  exon  8,  specifically  hER-p2  and 
hER-p5  can  be  detected  in  normal  human  mammary  gland  and  In  several  human  breast 
cancer  cell  lines  (17).  Interestingly,  the  predominant  type  of  hER-p  exon  8  deleted  mRNA 
present  varies  amongst  the  different  cell  lines.  We  have  confirmed  the  presence  of  the  hER-p2 

and  the  hER-p5  variant  mRNAs  In  several  normal  human  breast  tissue  samples  from  both 
reduction  mammoplasties  and  normal  tissue  adjacent  to  breast  tumors  (Fig  5,  unpublished 
data).  Moreover,  we  have  identified  both  hER-p2  and  the  hER-ps  variant  mRNAs  in  several 
human  breast  tumor  samples  (Fig  5,  unpublished  data).  Using  a  semi-quantitative  RT-  triple 
primer  PCR  approach  (26)  which  simultaneously  measures  the  relative  expression  of  the  wild 
type  hER-pi  and  the  two  variants  hER-P2  and  hER-p5  mRNAs,  it  appears  that  in  most  but  not 

all  cases  the  level  of  the  variant  mRNA  species  exceeds  that  of  the  wild  type  hER-pi  (Fig  5, 
unpublished  data)  in  both  normal  and  neoplastic  human  breast  tissues.  The  known  sequence 
of  all  human  ER-p-like  transcripts  is  shown  schematically  in  Figure  6.  Also  shown  In  this  figure 

are  the  proteins  predicted  to  be  encoded  by  these  variant  hER-p  mRNAs.  All  the  hER-p  variant 
mRNAs  identified  to  date  are  predicted  to  encode  proteins  which  are  altered  in  the  C-terminus 
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In  some  fashion,  and  are  unlikely  to  bind  ligand  (62).  However,  published  data  suggest  that 
some  of  these  variant  receptors  can  homodimerize  and  bind  to  ERE  in  vitro  ,  heterodimerize 
amongst  themselves  and  with  wild  type  hER-p  and  hER-a  (17)  and  may  potentially  inhibit 
preferentially  hER-a  DNA  binding  transcriptional  activity  (62). 

iv.  Putative  Role  of  ER-p  and  its  Variants  in  Breast  Cancer.  Transient  transfection 
studies  have  provided  data  which  suggest  that  ER-p1  i.e.  the  wild  type  ER-p,  can  only  mediate 
an  antagonist  response  when  bound  to  tamoxifen-like  agents,  in  contrast  to  the  tamoxifen 
bound  wild  type  ER-a  which  can  mediate  either  an  antagonist  or  agonist  activity  on  a  basal 

promoter  linked  to  a  classical  ERE  (53.63).  This  suggests  the  possibility  that  altered  relative 
expression  of  the  two  ERs  may  underlie  altered  responses  to  antiestrogens,  and  could  be  a 
mechanism  of  altered  responsiveness  to  antiestrogens  in  human  breast  cancer.  As  well,  the 

activity  of  the  estrogen  bound  ER-pi  on  AP-1  containing  promoters  is  inhibitory  In  contrast  to 
that  of  estrogen  bound  ER-a,  which  stimulates  transcription  (54).  Furthermore  antiestrogens 
of  all  types  demonstrated  marked  transcriptional  activity  through  ER-p1  on  promoters  that 
contained  API  sites  (54).  Interestingly,  a  non-ligand  binding  hER-p  variant  protein  encoded 
by  the  variant  hER-p2  (also  named  hER-pcx)  can  heterodimerize  with  ER-p1 ,  but  preferentially 
heterodimerizes  with  ER-a  and  shows  a  dominant  negative  activity  only  against  ER- 
a  mediated  transactivation  (17,62).  It  is  possible  therefore  that  ER-p1  and  Its  variants  could 
have  a  direct  regulatory  role  on  ER-a  activity.  Since  we  have  observed  an  Increased  ratio  of 
ER-o/ER-p  mRNA  in  human  breast  tumors  compared  to  their  adjacent  matched  normal  tissues, 
which  Is  primarily  due  to  increased  expression  of  ER-a  mRNA  in  the  breast  tumor  component 
(58),  it  is  possible  that  this  may  translate  into  unregulated  ER-a  activity  and  unregulated 
growth  responses  mediated  through  ER-a  which  contribute  to  breast  tumorigenesis. 

However,  there  are  several  issues  which  have  to  be  addressed  before  we  can  begin  to 
develop  rational  pathophysiologically  relevant  hypotheses  with  respect  to  the  role  of  ER-p 

and/or  Its  variants  In  human  breast  tissues.  Firstly,  it  is  not  know  yet  if  ER-p  and  ER-a  are 
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expressed  together  in  the  same  breast  cells  or  separately  in  different  normal  or  neoplastic  cell 
populations.  Secondly,  studies  so  far  have  only  measured  mRNA  levels.  No  studies  of  protein 

expression  with  regard  to  ER-p-like  molecules  in  human  breast  have  been  published  to  date. 

Therefore  the  pathophysiological  relevance  of  the  relative  levels  of  ER-p  and  ER-a  expression 
achieved  in  transient  expression  studies,  and  the  resulting  functional  outcome  are  unknown. 
Thirdly,  some  in  vitro  studies  have  been  done  using  N-terminally  truncated  ER-p1  (64),  and 
the  functional  impact  of  this  is  also  unknown. 

3,  Expression  of  other  Steroid  Hormone  Receptors  and  their  variants  in  Human 
Breast  Cancer.  The  observation  that  the  PR  gene  showed  a  complex  pattern  of  alternative 

splicing  similar  to,  although  not  as  extensive  as  that  of  ER-a,  led  to  the  further  characterization 

of  the  PR  variants  (16,31,32).  Two  commonly  expressed  variant  transcripts  identified  In 
human  breast  tumors  and  normal  human  breast  tissue  were  cloned  and  sequenced.  Variant 
PR  mRNAs  with  either  a  precise  deletion  of  exon  6  sequences  or  exon  4  sequences  were 
identified  in  most  breast  tumors  examined.  PR  transcripts  deleted  in  exon  2,  exons  3+6  or 
exons  5+6  were  also  found  in  a  few  breast  tumors  (31,32).  The  exon  6  deleted  transcript  was 
the  most  abundant  and  frequently  expressed  PR  variant  mRNA  in  the  human  breast  tumors 
examined,  and  specific  PCR  primers  were  designed  to  determine  the  expression  of  this 

transcript  relative  to  the  wild  type  PR  using  RT-PCR  analysis  (27).  Altered  expression  of  ER-a 

variant  mRNAs  was  observed  previously  between  normal  and  neoplastic  breast  tissue, 
therefore  it  was  of  interest  to  determine  if  exon  6  deleted  PR  mRNA  expression  was  altered 
during  breast  tumorigenesis.  Using  a  similar  approach  to  that  described  previously  (27)  the 
relative  expression  of  the  exon  6  deleted  variant  PR  mRNA  to  the  wild  type  PR  mRNA  was 
examined  In  10  normal  reduction  mammoplasty  samples  and  17  breast  tumors.  The  relative 
expression  of  the  exon  6  deleted  PR  variant  to  the  wild  type  PR  mRNA  was  found  to  be 
significantly  (P<0.01)  lower  In  normal  breast  tissues  (median  =  4.8%)  than  in  breast  tumors 
(median  =  13.9%)  (unpublished  data). 

The  exon  2  deleted  PR  mRNA  would  encode  a  C  terminally  truncated  PR-like  protein 
without  a  DNA  or  a  ligand  binding  domain  (32).  The  exon  4  deleted  PR  mRNA  is  in  frame  but 
would  encode  a  protein  deleted  In  exon  4  sequences,  missing  a  nuclear  localization  signal 
and  the  recombinant  protein  representing  exon  4  deleted  PR-A  did  not  bind  DNA  and  had  little 
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if  any  effect  on  wild  type  PR-A  function  (32).  Exon  6  deleted  PR  variant  mRNA  is  out-of-frame 
and  would  encode  a  C-terminally  truncated  PR-like  protein  lacking  the  hormone  binding 
domain,  and  the  exon  5+6  deleted  PR  variant  mRNA  is  in  frame  but  would  encode  a  protein 
deleted  in  exon  5  +  6  sequences  of  the  hormone  binding  domain  (32).  Richter  et  at.  have 
demonstrated  that  recombinant  proteins  representing  the  exon  6  deleted  PR-A  and  the  exon 
5+6  deleted  PR-A  are  dominant  negative  transcriptional  inhibitors  of  both  the  wild  type  PR-A 
and  PR-B  (32).  It  Is  possible  therefore  that  the  presence  of  PR  variant  proteins  encoded  by  the 
identified  PR  variant  mRNAs  could  modify  wild  type  PR  activity  and  influence  responses  to 
endocrine  therapies.  Interestingly,  small  variant  PR-like  proteins  have  been  Identified  by 
Western  blotting  in  some  breast  tumors  (32,65,66)  which  correspond  in  size  to  some  of  the 
proteins  predicted  to  be  encoded  by  some  of  the  exon  deleted  PR  mRNAs.  However,  some 
data  suggest  that  the  presence  and  abundance  of  PR  variant  mRNAs  may  not  correlate  with 
the  detection  of  these  smaller  sized  PR  Immunoreactive  species  In  human  breast  tumors  (66). 

The  measurement  of  PR  is  an  important  tool  in  clinical  decision  making  with  respect  to 
prognosis  and  treatment  of  human  breast  cancer.  Furthermore,  the  level  of  PR  expression 
provides  important  clinical  information  (67).  As  the  use  of  enzyme-linked  Immunosorbent 
assays  (ELISA)  and  immunohistochemical  assays  for  PR  detection  Increases,  it  is  likely  that 
variant  PR  expression  will  interfere  with  these  assays,  whatever  their  function.  PR  antibodies 
(AB-52  antibody)  used  in  such  assays  detect  epitopes  in  the  N-terminal  region  of  the  wild  type 
molecule  shared  by  truncated  PR-like  molecules.  If  all  or  any  of  the  deleted  PR  variant  mRNAs 
so  far  Identified  are  translated  into  stable  proteins,  they  will  be  co-detected  with  the  wild  type 
PR  in  such  assays.  Presence  of  PR  variants  might  also  be  a  factor  contributing  to  discrepancies 
between  biochemical  measurement  and  Immunological  detection  of  PR.  Indeed  the  potential 
for  ER-a  variant  expression  to  interfere  with  the  immunohistochemical  assessment  of  ER  status 
has  been  documented  (49,50,68). 

4.  Conclusions  and  Controversies. 

The  multifaceted  nature  of  the  ER  is  suggested  by  the  expression  of  ER-a  mRNA,  ER- 

P  mRNA  and  their  variant  mRNAs  in  both  normal  and  neoplastic  human  breast  tissues  (Figure 

7).  There  is  a  large  body  of  molecular  data  which  support  at  least  the  potential  for  this 
multifaceted  nature  of  the  ER  and  therefore  estrogen/antiestrogen  signalling  in  both  normal 
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and  neoplastic  human  breast  tissues.  Alterations  in  the  relative  expression  of  several  ER-like 
mRNAs  have  been  shown  to  occur  during  breast  tumorigenesis  and  the  relative  frequency  of 
detection  and  relative  expression  of  individual  ER-like  mRNAs  can  be  correlated  with  different 
prognostic  characteristics  in  breast  cancer.  This  In  turn  suggests  a  possible  role  In  breast 
tumorigenesis  and  possibly  hormonal  progression  in  breast  cancer.  However,  there  are  still 
major  gaps  that  need  to  be  addressed  before  we  have  a  clear  idea  of  the  pathophysiological 
and  functional  relevance  of  the  experimental  results  so  far  in  hand.  Unequivocal  data  are 

required  to  support  the  in  vivo  detection  of  variant  ER-a ,  variant  ER-p  and  wild  type  ER-p 

proteins  which  correspond  to  the  variant  ER-a,  variant  ER-p  and  wild  type  ER-p  mRNA 

species,  respectively.  There  is  a  need  to  experimentally  determine  putative  function  using 
expression  levels  which  reflect  pathophysiological  levels  of  expression.  There  is  a  need  to 
know  if  the  two  wild  type  ER  receptors  and/or  their  variants  are  co-expressed  In  the  same  cells 
within  the  heterogeneous  normal  and  neoplastic  breast  tissues.  Further,  given  the  detection  of 
multiple  forms  of  variant  ER-like  species  In  any  one  breast  tissue  sample  the  limitations  in 
interpreting  data  from  experimental  systems  In  which  only  one  variant  species  is  considered  in 
the  presence  or  absence  of  wild  type  protein  needs  to  be  understood. 
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Figure  Legends. 

Figure  1. 

Top  panel.  Schematic  representation  of  wild  type  ER-a  (WT-ER)  cDNA  and  primers  allowing 

co-amplification  of  most  of  the  described  exon-deleted  ER-a  variants:  ER-a  cDNA  contains  8 
different  exons  coding  for  a  protein  divided  into  structural  and  functional  domains  (A-F).  Region 
A/B  of  the  receptor  Is  implicated  in  trans-activating  function  (AF-1).  The  DNA-binding  domain  Is 
located  in  the  C  region.  Region  E  is  implicated  in  hormone  binding  and  another  trans¬ 
activating  function  (AF-2).  1/8U  and  1/8L  primers  allow  amplification  of  1381  bp  fragment 

corresponding  to  wild  type  ER-a  mRNA.  Co-amplification  of  all  possible  exon-deleted  or 
inserted  variants  that  contain  exon  1  and  8  sequences  can  occur.  Amplification  of  the 
previously  described  ER-a  variant  mRNAs  deleted  in  exon  3  (D3-ER),  exon  4  (D4-ER),  exon  7 

(D7-ER),  both  exons  3  and  4  (D3-4-ER),  exons  2  and  3  (D2-3-ER),  exons  4  and  exon  7  (D4/7- 

ER).  would  generate  1264  bp.  1045  bp.  1197  bp.  928  bp.  1073  bp  and  861  bp  fragments, 
respectively. 

Bottom  panel.  Co-amplification  of  wild  type  ER-a  and  deleted  variant  mRNAs  in  breast  tumor 
samples:  Total  RNA  extracted  from  ER  positive  (-i-)  and  ER  negative  (-)  breast  tumors  was 
reverse  transcribed  and  PCR  amplified  as  described  (24)  using  1/8  U  and  1/8L  primers. 
Radioactive  PCR  products  were  separated  on  a  3.5%  acrylamide  gel  and  visualized  by 
autoradiography.  Bands  reproducibly  obtained  within  the  set  of  tumors  studied  and  that 
migrated  at  1381  bp,  1197  bp.  1045  bp.  928  bp.  889  bp.  861  bp.  737  bp  and  580  bp  were 
identified  as  corresponding  to  WT-ER  mRNA  and  variant  mRNAs  deleted  in  exon  7  (D7-ER), 
exon  4  (D4-ER),  both  exons  3  and  4  (D3-4-ER).  exons  2.  3  and  7  (D2-3/7-ER).  both  exons  4 
and  7  (D4/7-ER),  exons  2,  3  and  4  (D2-3-4-ER),  and  within  exon  3  to  within  exon  7  (D-3-7-ER). 
respectively.  PCR  products  indicated  by  dashes  (-),  barely  detectable  within  the  tumor 
population,  i.e  present  in  less  than  or  equal  to  3  particular  tumors,  have  not  yet  been  identified. 

M:  Molecular  weight  marker  (phi174,  Gibco  BRL,  Grand  Island,  NY).  Adapted  from  (24). 

Figure  2. 

Linear  regression  analysis  of  the  relationship  between  the  clone  4  truncated  ER-a  mRNA 

and  the  wild  type  ER-a  mRNA  in  the  various  groups.  Closed  circles  represent  the  "good" 
prognosis/ER+PgR+  group;  open  circles  represent  the  "good"  prognosIs/ER+PgR-  group; 
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closed  squares  represent  the  "poor"  prognosis/  ER+PgR-i-  group;  open  squares  represent  the 
"poor"  prognosis  /ER-hPgR-  group.  Good  vs  Poor,  p  =  0.0004;  PgR-  vs  PgR-h.  P  =  0.01 1 . 
Reproduced  from  (25). 

Figure  3. 

Schematic  representation  of  the  ER-a  variant  proteins  predicted  to  be  encoded  by  ER- 
a  variant  mRNAs.  Identical  sequence  is  depicted  by  numbered  exons.  U  =  amino  acid 

sequence  unrelated  to  wild  type  human  estrogen  receptor-a  amino  acid  sequence.  U 

sequences  are  unique  to  any  particular  variant.  The  position  of  N-  and  C-terminal  epitopes 
recognized  by  1 D5  and  AER31 1  antibodies,  respectively,  are  indicated. 

Figure  4. 

Detection  of  ERp  mRNA  in  human  breast  tumors  by  RNase  protection  assay.  A.  Schematic 

representation  of  hERp  mRNA  showing  various  exon  sequences  and  identifying  the 
riboprobe  position  and  size  of  the  expected  protected  fragment  (259  bp).  Total  RNA  was 
isolated  from  7  breast  tumor  samples  and  25  pg  were  used  in  an  RNase  protection  assay  as 

previously  described  (21).  Ovarian  RNA  (ovary)  was  used  as  a  positive  control. 

Figure  5. 

RT-triple  primer  PCR  analysis  (26)  of  the  relative  expression  of  human  estrogen  receptor-pi 

(ER-pi),  human  estrogen  receptor-p5  (ER-P5)  and  human  estrogen  receptor-  P2  (ER-P2) 

mRNAs  in  normal  (N)  and  breast  tumor  (T)  tissue  samples. 

Figure  6. 

Human  ER-p  Isoforms.  All  hER-p  Isoforms  are  aligned.  White  boxes  indicate  identity  of  amino 
acid  between  sequences.  Amino  acid  positions  of  the  different  structural  domains  are 
indicated  for  the  hER-pi  short  (14)  that  contains  8  extra  N-terminal  amino  acids  compared  to 

the  first  hER-p  described  (10).  hER-pi  long  (Genbank  AF051427)  contains  45  additional  N- 
termlnal  amino  acids.  hER-piA5  (13,18),  hER-piA6  (13),  hER-p2  (Genbank  AF051428, 

AB006589CX),  hER-p3  (Genbank  AF060555),  hER-p4  (Genbank  AF061054),  hER-p5 
(Genbank  AF061055)  are  truncated  and  contain  different  C-terminal  amino  acids  (black 
boxes).  hER-p  A5-6  (13)(Genbank  AF074599)  is  missing  91  amino  acids  within  the  LBD/AF2 
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domaln.  For  each  receptor,  the  length  (aa)  and  the  calculated  molecular  mass  (kDa)  when 
known  or  corresponding  to  the  short  (S)  or  the  long  (L)  forms  of  the  putative  proteins  are 
given.  Broken  boxes  and  question  marks  indicate  that  flanking  amino  acid  sequences  are 
unknown. 

Figure  7. 

Schematic  representation  of  the  known  and  unknown  (?)  multiple  facets  of  the  estrogen 
receptor  (R). 
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Abstract 

The  mitogen-activated  protein  kinase  (MAPK)  signal  transduction 
pathway  plays  an  essential  role  in  cell  cycle  progression  and  can  be 
activated  by  many  growth  factor/mitogen  pathways  including  estrogen. 
MAPK  has  also  been  implicated  in  ligand-independent  activation  of  es¬ 
trogen  receptor-a  (ER-a).  The  development  of  estrogen-independent 
growth  in  breast  cancer  is  likely  a  first  step  in  progression  to  hormone 
independence  and  antiestrogen  resistance.  We  examined  MAPK  expres¬ 
sion  and  activity  in  T5-PRF  and  T5  human  breast  cancer  cells,  T5-PRF  is 
an  estrogen-nonresponsive  cell  line  developed  from  T5  cells  by  chronically 
depleting  the  cells  of  estrogen  in  long-term  culture.  MAPK  activity  meas¬ 
ured  in  vitro  was  significantly  higher  (P  <  0.05)  in  T5-PRF  compared  with 
T5  cells.  Western  blot  analyses  showed  increased  levels  of  active  dually 
phosphorylated  MAPK  in  T5-PRF  cell  extracts  compared  with  T5.  The 
increased  activity  and  expression  of  MAPK  may  contribute  to  the  estrogen 
nonresponsive  growth  phenotype  and  ligand-independent  activity  of  ER  in 
T5-PRF  cells. 

Introduction 

MAPKs^  (or  ERKs)  are  a  family  of  protein  kinases  involved  in 
transmitting  signals  from  a  variety  of  stimuli  from  the  cell  membrane 
to  the  nucleus  (1).  The  MAPKs,  ERKl  and  ERK2,  are  activated  by 
mitogenic  stimuli  from  growth  factor  receptors  such  as  epidermal 
growth  factor  receptor  (1).  Once  activated,  ERKl  and  ERK2  phos- 
phorylate  a  variety  of  proteins,  including  transcription  factors,  to 
effect  changes  in  gene  expression.  A  cascade  of  protein  kinases 
regulate  and  activate  MAPK  via  phosphorylation  on  both  threonine 
and  tyrosine  residues  (1). 

Several  studies  have  suggested  a  potential  role  for  the  MAPK 
signaling  pathway  in  the  initiation  and  pathogenesis  of  breast  cancer. 
MAPK  activity  has  been  shown  to  be  elevated  in  primary  breast 
cancer  compared  with  benign  breast  tissue  and  has  also  been  shown  to 
be  overexpressed  in  metastatic  cells  within  lymph  nodes  of  breast 
cancer  patients  (2).  Constitutive  expression  of  Raf-1  kinase  (an  up¬ 
stream  activator  of  the  MAPK  pathway)  in  MCF-7  human  breast 
cancer  cells  resulted  in  estrogen-independent  growth  (3).  ER-a,  like 
other  members  of  the  steroid-thyroid  hormone  receptor  superfamily,  is 
functionally  regulated  via  phosphorylation  by  several  protein  kinases 
including  MAPK  (4-8).  Phosphorylation  is  believed  to  play  a  role  in 
regulating  many  aspects  of  steroid  hormone  receptor  function  includ¬ 
ing  DNA  binding  and  transcriptional  activation.  Seri  18  of  the  ER-a 
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has  been  shown  to  be  phosphorylated  by  MAPK  in  response  to 
receptor  activation  by  growth  factors  including  epidermal  growth 
factor,  and  mutation  of  this  site  to  an  alanine  residue  severely  dimin¬ 
ished  ER-a  transcriptional  ability  (4,  7). 

Phosphorylation  of  ER-a  by  MAPK  has  been  implicated  in 
hormone-independent  activation  of  the  ER-a  by  steroid-independent 
activators  of  ER-a  (4,  7).  The  development  of  estrogen-independent 
growth  in  human  breast  cancer  is  thought  to  be  one  of  the  initial  steps 
in  the  progression  to  hormone  independence  and  resistance  to  endo¬ 
crine  therapies.  However,  the  mechanisms  responsible  for  the  devel¬ 
opment  of  estrogen  independence  and  the  presence  of  continued 
expression  of  ER-a  are  poorly  understood.  To  address  this,  we  have 
developed  a  breast  cancer  cell  model  of  apparent  estrogen  independ¬ 
ence  (9).  T5  human  breast  cancer  cells  are  ER-a  positive,  and  estro¬ 
gen  treatment  in  culture  results  in  increased  proliferation  of  these 
cells.  An  estrogen-nonresponsive  cell  line,  T5-PRF,  was  developed 
from  T5  cells  by  chronically  depleting  the  cells  of  estrogen  in  long¬ 
term  culture.  These  cells  are  insensitive  to  the  growth-stimulatory 
effects  of  estrogen  seen  in  the  parent  cell  line  while  still  retaining 
expression  of  the  ER-a  (9).  We  have  characterized  and  compared 
MAPK  activity  and  levels  in  these  two  cell  lines  to  determine  whether 
differences  in  MAPK  activity  could  contribute  to  the  estrogen- 
independent  phenotype  of  the  T5-PRF  cell  line. 

Materials  and  Methods 

Reagents.  Monoclonal  mouse  anti-phospho-MAPK  antibody  (#91 058) 
was  from  New  England  Biolabs  (Beverly,  MA).  Polyclonal  rabbit  anti-ERKl 
(C-16)  was  from  Santa  Cruz  Biotechnologies,  Inc.  (Santa  Cruz,  CA). 
[^^P]yATP  was  purchased  from  ICN  (St-Laurent,  Quebec,  Canada).  Estradiol- 
17j3  was  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  PD  98059  was  purchased 
from  Calbiochem  (La  Jolla,  CA.).  DMEM  powder,  fetal  bovine  serum,  and 
myelin  basic  protein  were  purchased  from  Life  Technologies,  Inc.  (Burlington, 
Ontario,  Canada).  All  other  cell  culture  ingredients  were  purchased  from  Flow 
Laboratories  (Mississauga,  Ontario,  Canada).  Cyclic  AMP-dependent  protein 
kinase  inhibitor  peptide  was  purchased  from  Bachem  (Torrance,  CA).  ICI 
164,384  was  a  gift  from  ICI  (Macclesfield,  Cheshire,  United  Kingdom). 
[^'‘C] Chloramphenicol  was  obtained  from  NEN  (Lachire,  Quebec,  Canada). 

Cell  Culture.  T5  human  breast  cancer  cells  were  routinely  cultured  in 
DMEM  containing  5%  v/v  FCS,  1%  w/v  glucose,  2  mM  glutamine,  and  100 
units  of  penicillin-streptomycin  as  described  previously  (9).  T5-PRF  cells  were 
routinely  cultured  in  PRF/DMEM  supplemented  with  5%  v/v  twice  charcoal 
dextran-stripped  FCS  and  1%  w/v  glucose,  2  mM  glutamine,  and  100  units  of 
penicillin-streptomycin  as  described  previously  (9). 

MAPK  Assay.  MAPK  activity  in  vitro  was  measured  using  myelin  basic 
protein  as  a  substrate  as  described  previously  (10).  For  experiments  performed 
in  serum-free  conditions,  cells  were  plated  in  PRF/DMEM,  and  the  following 
day  the  medium  was  changed  to  PRF/DMEM  minus  serum  and  changed  every 
day  for  7  days.  To  measure  basal  activity,  T5  cells  were  passaged  once  in 
PRF/DMEM,  and  both  T5  and  T5-PRF  cells  were  set  up  in  PRF/DMEM  in 
100-mm  dishes  at  ~0.2  X  10^  cells  and  harvested  in  MAPK  buffer  [100  mM 
jS-glycerophosphate,  1  mM  sodium  orthovanadate  (pH  10),  2  mM  EOT  A,  20 
mM  Tris-HCl  (pH  7.4),  10  /Lg/ml  aprotinin,  10  jLig/ml  leupeptin,  0.1  mM 
4-[2-aminoethyl]benzenesulfonyl  fluoride  hydrochloride,  1  mM  phenylmethyl- 
sulfonyl  fluoride,  1  mM  DTT,  and  0.2  mM  benzamidine]  3  days  later.  Extracts 
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for  MAPK  protein  detection  were  obtained  in  a  similar  fashion.  For  experi¬ 
ments  using  PD  98059,  cells  were  treated  an  hour  before  harvesting  with  50 
jjM  inhibitor. 

Western  Blotting  and  Immune  Detection.  Extracts  obtained  for  MAPK 
assay  were  analyzed  using  7.5%  SDS-PAGE  with  a  4%  stacking  gel  at  200  V 
for  45  min  at  room  temperature  according  to  the  Laemmli  method  (11).  Gels 
were  transferred  to  nitrocellulose  using  3-[cyclohexylamino]-l-propanesulfo- 
nic  acid  transfer  buffer  [10  niM  3-[cyclohexylamino]-l-propanesuIfonic  acid 
(pH  11),  20%  methanol]  and  transferred  for  1  h  at  120  V  at  4®C.  Blots  were 
blocked  overnight  in  5%  skimmed  milk/Tris-buffered  saline  containing  0.5% 
Tween-20  (TBS-T).  Blots  were  incubated  with  mouse  anti-phospho-MAPK 
antibody  for  detection  of  dually  phosphorylated  MAPK  (NEB,  Beverly,  MA; 
1:1000  in  1%  skimmed  milk/TBS-T)  or  rabbit  anti-ERKl  (C-16)  for  detection 
of  total  MAPK  protein  (Santa  Cruz  Biotechnology;  1:1000  in  1%  skimmed 
milk/TBS-T)  for  4  h  at  room  ternperamre.  Blots  were  incubated  with  the 
appropriate  secondary  antibody  (anti-mouse,  Jackson  ImmunoResearch  Lab¬ 
oratories,  West  Grove,  PA;  anti-rabbit,  Sigma,  St.  Louis,  MO)  for  1  h  at  room 
temperature,  1:1000  in  1%  skimmed  milk/TBS-T.  Detection  was  carried  out 
using  the  ECL  detection  system  according  to  the  manufacturer’s  instructions 
(Amersham,  Buckinghamshire,  United  Kingdom). 

Transient  Transfections.  T5  cells  were  passaged  once  in  PRF-DMEM, 
and  T5  and  T5-PRF  cells  were  set  up  in  PRF-DMEM  at  1-2  X  10^  cells/ 
100-mm  dish  the  day  before  transfection.  Cells  were  transfected  with  2  jxg  of 
ERE-tk-CAT  (12)  and  5  /xg  of  pCHllO  ()3-galactosidase  expression  vector; 
Pharmacia)  overnight  using  the  calcium  phosphate/glycerol  shock  method 
using  an  equal  volume  of  2X  BBS  buffer  (50  mM  A;A-bis(2-hydroxyethyl)- 
2-aminoethanesulfonic  acid,  280  mM  NaCl,  and  1.5  mM  Na2HP04,  pH  6.95). 
The  following  day,  the  cells  were  subjected  to  a  2-min  glycerol  shock  (20% 
v/v),  were  washed  twice  with  1 X  PBS,  and  given  fresh  medium  plus  or  minus 
10  nM  estradiol- 17/3,  plus  or  minus  50  /xm  PD  98059  (MEK  inhibitor;  Calbio- 
chem).  Two  h  later,  PD  98059-treated  dishes  were  given  a  second  dose  of 
50  /xM  PD  98059,  and  18  h  later,  dishes  were  harvested  and  cell  extracts  were 
obtained.  Cell  extracts  were  assayed  for  /3-galactosidase  activity  to  control  for 
transfection  efficiency,  and  CAT  assays  were  performed  as  described  previ¬ 
ously  (13). 

Results 

Increased  MAPK  Activity  in  T5-PRF  Cells.  Previously,  we  had 
shown  that  T5-PRF  human  breast  cancer  cells  had  an  elevated  level  of 
basal  ER  activity  (in  the  absence  of  estrogen),  despite  the  fact  that 
these  cells  contained  50%  less  (9),  We  were  interested  in  possible 
reasons  for  this  apparently  estrogen-independent  ER  activity.  Several 
lines  of  evidence  suggest  that  MAPK  may  be  involved  in  ligand- 
independent  activation  of  ER-a.  Therefore,  we  chose  to  examine 
MAPK  activity  in  T5-PRF  and  the  parental  T5  human  breast  cancer 
cell  lines.  Our  initial  experiments  examining  ER-o:  transcriptional 
activity  were  performed  under  basal  {i.e.,  estrogen-deplete)  conditions 
with  cells  setup  in  PRF/DMEM  containing  twice  charcoal-stripped 
FCS;  therefore,  we  initially  examined  in  vitro  MAPK  activity  under 
these  conditions  (Fig.  lA).  In  vitro  MAPK  activity  was  significantly 
higher  in  T5-PRF  human  breast  cancer  cells.  MAPK  activity  was 
2.6  ±  0.3  (mean  ±  SE,  n  =  3)  fold  higher  (P  <  0.05)  than  the  activity 
assayed  in  the  parental  T5  cells.  To  determine  whether  this  increased 
activity  was  reflected  in  the  total  amount  of  MAPK  protein  and/or  the 
active  MAPK  pool,  Western  blotting  on  cell  extracts  was  performed 
(Fig.  2).  Using  an  antibody  that  recognizes  total  MAPK  protein,  we 
found  that  both  cell  lines  expressed  large  amounts  of  both  the  ERKl 
and  ERK2  isoforms  of  MAPK  under  these  conditions  (Fig.  2B),  The 
active  form  of  MAPK  is  dually  phosphorylated  on  tyrosine  and 
threonine  residues  (2),  and  using  an  antibody  that  specifically  detects 
only  this  active  form  of  the  protein,  we  found  that  T5-PRF  cells  had 
higher  levels  of  activated  MAPK  protein  compared  with  parental  cells 
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Fig.  1.  MAPK  activity  in  vitro.  Cell  extracts  for  measurement  of  in  vitro  MAPK 
activity  were  obtained  as  described  in  “Materials  and  Methods.”  Myelin  basic  protein  was 
used  as  a  substrate  to  measure  kinase  activity,  and  the  assay  was  allowed  to  proceed  for 
10  min  at  30°C  .  Histograms  represent  fold  difference  in  MAPK  activity  after  setting  the 
activity  of  T5  parent  cells  to  1.0.  A,  basal  activity:  fold  increase  is  2.6  ±  0.3,  n  =  3. 

P  <  0.05,  Student’s  t  test.  Bars,  SE.  B,  serum-free  activity:  fold  increase  is  1.5  ±  0.2, 
n  =  3.  **,  P  <  0.001,  Student’s  t  test.  Bars,  SE. 

(Fig.  2A).  PD  98059  is  a  specific  inhibitor  of  MAPK  activity  because 
of  its  specific  inhibition  of  MAPK  kinase  (also  referred  to  as  MEK; 
Ref.  14).  Treating  both  cell  lines  with  50  /llm  PD  98059  for  1  h 
resulted  in  a  significant  inhibition  of  dually  phosphorylated  MAPK 
(Fig.  2A),  with  little  or  no  effect  on  total  MAPK  levels  (Fig.  2B), 
supporting  the  conclusion  that  T5-PRF  cells  have  elevated  levels  of 
activated  MAPK.  Under  conditions  in  which  we  had  serum  starved  the 
cells  for  7  days,  T5-PRF  cells  still  maintained  elevated  levels  of  in 
vitro  MAPK  activity  (1.5  ±  0.2,  fold,  mean  ±  SE,  n  =  3,  P  <  0.001) 
compared  with  parental  T5  cells  (Fig.  IB).  Total  MAPK  protein  levels 
were  similar  between  the  two  lines  (Fig.  3P),  but  activated  MAPK 
protein  levels  were  much  higher  in  T5-PRF  cells  (Fig.  3A,  compare 
Lanes  1  and  5).  As  expected,  treating  T5-PRF  cells  with  50  /lim  PD 
98059  for  1  h  under  serum-free  conditions  decreased  the  level  of 
active  MAPK  detected  by  Western  blotting  (Fig.  3A,  compare  Lanes 
3  and  4),  without  effecting  the  total  level  of  MAPK  protein  expression 
(Fig.  3B,  compare  Lanes  3  and  4).  These  data  support  the  conclusion 
that  T5-PRF  cells  contain  increased  levels  of  phosphorylated  and 
active  MAPK  protein. 

Antiestrogen  Can  Reduce  Active  MAPK  Protein  Levels.  Previ¬ 
ous  research  has  suggested  that  ER-a  can  directly  activate  MAPK, 
and  estrogen  activation  of  MAPK  can  be  blocked  by  antiestrogen  in 
MCF-7  human  breast  cancer  cells  (15).  T5-PRF  cells  contain  elevated 
basal  ER-a  activity  that  can  be  inhibited  by  85%  after  treating  cells 
for  24  h  with  1  /xm  ICI  164,384."^  To  examine  what  effect  ICI  164,384 
might  have  on  MAPK  protein  levels  under  these  conditions,  T5-PRF 
cells  were  treated  with  1  [xm  ICI  164,384  for  24  h,  and  levels  of  active 
and  total  MAPK  protein  were  examined.  ICI  164,384  was  able  to 
reduce  the  amount  of  active  dually  phosphorylated  MAPK  in  estrogen- 
depleted  conditions  by  30%  (n  =  4),  without  any  apparent  effect  on 
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Fig.  2.  Western  blot  analysis  of  MAPK  protein  levels  under  basal  conditions.  In  A,  30 
/xg  of  cell  extract  were  run  on  a  7.5%  SDS-PAGE.  Immune  detection  was  using  an 
anti-phospho-MAPK  antibody  (NEB).  In  B,  5  /xg  of  cell  extract  were  run  on  a  7.5% 
SDS-PAGE.  Immune  detection  was  using  an  anti-ERKl  antibody  (Santa  Cruz  Biotech¬ 
nology).  FA  MEK  inhibitor  PD  98059,  50  jllm  for  1  h. 


Fig.  3.  Western  blot  analysis  of  MAPK  protein  levels  under  serum-free  conditions.  In 
A,  30  /xg  of  cell  extract  were  run  on  a  7.5%  SDS-PAGE.  Immune  detection  was  using  an 
anti-phospho-MAPK  antibody  (NEB).  In  B,  5  /xg  of  cell  extract  were  run  on  a  7.5% 
SDS-PAGE.  Immune  detection  was  using  an  anti-ERKl  antibody  (Santa  Cruz  Biotech¬ 
nology).  FA  MEK  inhibitor  PD  98059,  50  /xm  for  1  h. 


total  MAPK  levels  (data  not  shown),  suggesting  a  possible  link 
between  the  elevated  MAPK  activity  and  increased  ligand-independent 
ER-a  activity  in  these  cells. 

MAPK  Is  Involved  in  ER-a  Transcriptional  Activity.  To  further 
examine  the  role  elevated  MAPK  activity  might  play  in  terms  of  the 
elevated  basal  (i.e.,  estrogen-independent)  ER-a  transcriptional  activ¬ 
ity  in  T5-PRF  cells,  transient  transfections  were  carried  out.  Previ¬ 
ously,  we  had  determined  that  50  fiM  PD  98059  for  1  h  was  sufficient 
to  significantly  reduce  the  levels  of  dually  phosphorylated  MAPK 
under  basal  conditions  (Fig.  2A).  Because  our  transient  transfection 
experiments  required  24-h  treatments,  we  determined  conditions  un¬ 
der  which  PD  98059  was  able  to  maintain  low  levels  of  dually 
phosphorylated  MAPK  over  this  time  period  (data  not  shown).  It  was 
determined  that  adequate  inhibition  could  be  achieved  by  treating 
cells  initially  with  50  /jlm  PD  98059,  followed  2  h  later  by  an 
additional  50  fjLM  treatment,  with  the  cells  being  harvested  18  h  later. 
This  resulted  in  an  —85%  inhibition  of  dually  phosphorylated  MAPK 
protein  levels  (data  not  shown).  When  T5-PRF  cells  were  transfected 
with  an  estrogen-responsive  CAT  reporter  gene  and  treated  with  PD 
98059,  there  was  a  significant  reduction  of  44.2%  ±8.1  (mean  ±  SE, 
P  <  0.05,  rt  =  6)  in  the  basal  ER-a  transcriptional  activity  seen  (Fig. 
4).  Interestingly,  there  was  also  a  significant  and  equivalent  reduction 
in  the  estrogen-induced  transcriptional  activity  of  46.3%  ±  12.4 
(mean  ±  SE,  P  <  0.05,  n  -  6)  hy  PD  98059,  suggesting  a  role  for 
MAPK  activation  in  estrogen-induced  transcriptional  activation  also. 


terms  of  growth  and  has  elevated  levels  of  estrogen-independent  ER 
transcriptional  activity.  The  ER-a,  like  other  members  of  the  steroid 
hormone  receptor  superfamily,  is  a  phosphoprotein.  The  function  of 
phosphorylation  is  not  clear,  but  it  has  been  suggested  to  play  a  role 
in  many  aspects  of  receptor  activity,  including  DNA  binding  and 
transcriptional  activation.  In  MCF-7  human  breast  cancer  cells,  the 
ER-a  is  phosphorylated  on  serine- 118,  serine- 154,  and  serine- 167  in 
response  to  estradiol  binding  (6,  16,  17).  In  COS-1  cells,  additional 
hormone-induced  phosphorylation  sites,  serine-104,  serine-106,  and 
serine- 118,  on  the  ER-a  have  been  identified  (8).  It  has  also  been 
demonstrated  that  serine-118  and  tyrosine-537  on  ER-a  are  phospho¬ 
rylated  independently  of  estradiol  binding  in  MCF-7  cells  (5,  16)  and 
that  src  family  tyrosine  kinases  are  capable  of  estradiol-independent 
phosphorylation  of  the  ER-a  in  vitro  (5).  The  activation  of  the  MAPK 
pathway  through  an  estrogen-independent  mechanism  (i.e.,  EOF)  can 
result  in  transcriptional  activation  of  the  ER-a,  and  phosphorylation  of 
the  ER-a  on  serine-118  is  required  for  this  activity  (4,  7,  17). 

Estrogens  are  known  mitogens  for  breast  cancer  cells,  but  how 
estrogen  promotes  cell  proliferation  is  unknown.  The  MAPK  signal 
transduction  pathway  plays  an  essential  role  in  cell  cycle  progression 
and  can  be  activated  by  many  growth  factor/mitogenic  pathways 
including  estrogen.  In  several  cell  types,  including  MCF-7  human 
breast  cancer  cells,  estradiol  has  been  shown  to  rapidly  increase 
MAPK  activity  (15).  That  this  activation  requires  ER-a  was  demon¬ 
strated  in  cells  via  transient  transfection  experiments  showing  an 
absolute  requirement  for  ER-a  for  activation,  and  the  addition  of 
antiestrogen  blocked  estrogen-induced  MAPK  activation  (15).  A  re¬ 
cent  report  was  able  to  show  growth  factor,  but  not  estrogen-induced, 
activation  of  MAPK  in  MCF-7  cells  (17).  The  discrepancy  between 
this  report  and  a  previous  report  demonstrating  estrogen  activation  of 
MAPK  in  MCF-7  cells  (15)  is  unclear,  but  may  be  due  to  differences 
in  the  experimental  conditions  under  which  activation  was  assayed 
between  the  two  papers. 

Peptide  growth  factor  signaling  pathways  can  cross-talk  with  the 
ER-a.  Indeed,  it  has  been  demonstrated  that  growth  factors  can  result 
in  ligand-independent  activation  of  ER-a  (7).  Several  studies  have 
demonstrated  that  overexpression  of  a  growth  factor,  or  its  receptor, 
which  can  activate  the  MAPK  cascade,  or  a  component  of  the  MAPK 
pathway  (e.g.,  Raf)  can  result  in  estrogen-independent  growth  in  cells 
in  culture  and  in  some  cases  tumorigenesis  in  vivo  in  the  absence  of 
estrogen.  For  example,  overexpression  of  a  constitutively  active  Raf 
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Discussion 

We  have  found  elevated  levels  of  activated  MAPK  in  a  human 
breast  cancer  cell  line,  T5-PRF,  that  is  nonresponsive  to  estrogen  in 


Fig.  4.  ER-a  transcriptional  activity  in  the  presence  of  PD  98059.  Transient  transfec¬ 
tions  were  performed  as  described  in  “Materials  and  Methods.”  Results  are  expressed  as 
fold  CAT  activity  compared  with  untreated  T5-PRF  cells.  Histograms  represent  means 
(bars,  SE),  n  =  6.  compared  with  basal  without  PD  98059;  *e,  compared  with  estrogen 
treatment  without  PD  98059,  F  <  0.05,  Student’s  f  test. 
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kinase  in  MCF-7  cells  allows  for  growth  in  the  absence  of  estrogen 
(3).  Expression  of  constitutively  activated  MEK  in  NIH  3T3  cells 
resulted  in  the  ability  of  the  cells  to  proliferate  in  conditions  of  low 
serum  and  also  resulted  in  morphological  transformation  (18).  These 
data  demonstrate  the  importance  of  the  MAPK  pathway  in  cell  growth 
regulation  and  likely  tumorigenesis. 

What  role  the  elevated  MAPK  activity  might  play  in  the  estrogen- 
independent  growth  phenotype  of  T5-PRF  cells  is  not  clear.  Our 
previous  studies  have  shown  that  these  cells  no  longer  respond  to 
estrogen  by  increasing  their  proliferation  rate.  It  is  likely  that  elevated 
MAPK  activity  could  confer  an  additional  growth  advantage  to  these 
cells,  thereby  allowing  maximal  proliferation  in  the  absence  of  estro¬ 
gen.  Our  transfection  experiments  using  PD  98059  suggest  that  the 
MAPK  activity  may  play  a  role  in  the  elevated  basal  ER  activity  we 
see  in  these  cells  but  may  not  account  for  all  of  the  increased  basal 
activity.  At  a  concentration  of  50  fXM,  PD  98059  can  almost  com¬ 
pletely  abolish  the  level  of  active  dually  phosphorylated  MAPK 
protein  (85%  decrease),  whereas  a  similar  concentration  resulted  in 
slightly  less  than  50%  reduction  in  basal  ER-a  transcriptional  activity. 
This  suggests  that  other  mechanisms,  along  with  elevated  MAPK, 
contribute  to  the  ligand-independent  ER-a  activity.  Our  previous 
study  has  identified  a  variant  ER-a  in  T5-PRF  cells  that  may  contrib¬ 
ute  to  the  increased  basal  ER-a  activity,"^  Studies  have  also  shown  that 
cells  grown  long-term  in  the  absence  of  estrogen  can  develop  super¬ 
sensitivity  to  residual  estrogens  in  the  growth  medium  (19).  It  is  also 
likely  that  the  residual  dually  phosphorylated  MAPK  protein  remain¬ 
ing,  even  after  treating  cells  with  PD  98059  (—15%),  is  sufficient  to 
contribute  to  the  basal  ER-a  activity. 

We  were  also  able  to  see  an  inhibition  of  estrogen-dependent  ER-a 
transcriptional  activity  after  treating  cells  with  PD  98059.  This  was  of 
a  similar  magnitude  as  the  effect  on  basal  transcription  (—50%), 
supporting  the  hypothesis  that  MAPK  plays  an  important  role  in  both 
ligand-dependent  and  -independent  ER-a  transcriptional  activity. 

Our  experiments  with  the  antiestrogen  ICI  164,384  also  suggest  that 
the  link  between  MAPK  activity  and  ER-a  transcriptional  activity  is 
likely  not  a  straightforward  one.  As  mentioned,  T5-PRF  cells  treated 
with  1  jjLM  ICI  164,384  under  basal  conditions  show  an  —85% 
reduction  in  the  ligand-independent  ER-a  transcriptional  activity,"^ 
whereas  the  same  dose  and  time  of  antiestrogen  treatment  results  in  an 
—30%  inhibition  of  dually  phosphorylated  MAPK  protein. 

Elevated  levels  of  MAPK  activity  and  expression  have  been  asso¬ 
ciated  with  the  malignant  phenotype  and  have  been  shown  in  breast 
tumors  compared  with  normal  tissue  and  benign  breast  conditions  (2). 
Breast  tumors  also  have  been  shown  to  contain  elevated  tyrosine 
kinase  activities  compared  with  benign  breast  tumors  and  normal 
breast  tissues  (20).  These  data  suggest  that  an  increase  or  deregulation 
of  growth  controlling  signals,  such  as  those  contributed  by  MAPK, 
may  be  involved  in  the  etiology  and  pathogenesis  of  breast  cancer. 
During  the  course  of  breast  cancer  progression,  tumors  become  hor¬ 
mone-independent  and  refractory  to  endocrine  therapies  directed  at 
blocking  the  activity  of  ER-a.  The  development  of  estrogen-indepen¬ 
dent  growth  is  believed  to  be  an  initial  step  in  the  progression  to  a 
hormone-independent  phenotype,  and  estrogen-independent  growth  is 


a  characteristic  of  a  more  aggressive  breast  cancer  cell  phenotype.  Our 
data  support  the  hypothesis  that  elevated  levels  of  MAPK  could 
confer  a  growth  advantage  to  breast  cancer  cells,  perhaps  leading  to 
estrogen-independent  growth. 
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Abstract 


Background:  Estrogen  receptor  alpha  (ER)  status  in  breast  cancer  is  an  important  predictive 
factor  for  clinical  response  to  endocrine  therapy.  We  have  recentfy  shown  that  discrepancies  in 
ER  status  determined  by  immunohistochemical  assay  (ER-IHA)  can  occur  between  different 
ER  antibodies  and  that  this  may  be  attributable  to  the  expression  of  truncated  ER  variant 
proteins.  In  this  study  we  have  examined  die  direct  effect  of  ER  variant  expression  on  ER-lHA 
and  whether  discrepancies  in  ER-IHA  status  are  reproducible  with  different  antibodies. 
Methods:  ER  negative  Cos-b  cells  were  transient^  transfected  with  expression  vectors 
containing  wild  type  ER  (wt-ER)  and/or  die  truncated  ER-Oone-4  variant  Expression  of  ER- 
like  proteins  was  determined  by  Western  blot  and  ER-IHA  using  ER  specific  monoclonal 
antibodies  ag^st  different  epitopes  of  the  ER  protein  and  quantitated  by  both  densitometry 
and  H-score  anatysis.  Statistical  comparisons  were  assessed  by  the  student  t-test  Paraffin 
sections  fivm  10  tumors  were  also  studied  by  ER-IHA. 

Results:  ER-IHA  with  N-  and  C-terminal  ER  antibodies  on  Cos-1  cells  expressing  wt-ER  alone 
demonstrated  no  difference  in  signals  by  Western  blot  (P>0.1).  However  co-eiq>ression  of  wt-ER 
and  the  truncated  ER-clone-4  variant,  resulted  in  discordant  IHA  results  with  relativety  higher 
ER-IHA  scores  fitim  N-terminal  antibodies  (P<0.03).  Furthermore,  re-examination  of  breast 
tumors  previousty  studied  by  ER-IHA  showed  persistent  differences  in  8/10  cases  with  a 
different  pair  of  ER  antibodies. 

Conclusions:  We  conclude  that  truncated  ER  variant  proteins  can  interfere  with  IHA 
determination  of  ER  status  and  tiiat  this  may  account  for  some  of  the  inconsistencies  between 
ER  status  and  response  to  endocrine  therapy. 


Introduction 


The  measurement  of  estrogen  receptor  alpha  (ER)  status  in  breast  tumors  is  widely  used  as  a 
clinical  index  of  potential  therapeutic  response  to  endocrine  therapy.  However,  wWle  up  to  2/3  of 
breast  tumors  are  ER  positive,  only  2/3  of  this  subset  of  patients  will  respond  well  to  endocrine 
therapy  (1).  Several  factors  have  been  considered  in  the  past  to  account  for  this  discrepancy, 
including  tissue  related  factors  such  as  sampling,  cellularity  and  heterogeneity  and  biological  factors 

such  as  functional  status  of  the  ER  protein  detected  and  the  integrity  of  the  downstream  components 
of  the  ER  signalling  pathway. 

More  recently  other  potentially  important  biological  factors  that  have  emerged  are  the  complexity 
of  ER  alpha  gene  expression  as  well  as  the  recent  discovery  of  the  closely  related  ER  beta  gene  that  is 
also  expressed  in  breast  cancer  tissues  (2).  ER  alpha  gene  expression  is  now  known  to  be  often 
associated  with  a  range  of  ER  variant  mRNAs  in  breast  tumors  (3).  These  ER  mRNA  variants 
include  exon-deleted,  exon-duplicated  or  truncated  ER  mRNA  ^ciipts  that  may  encode  a  variety 
of  incomplete  ER-like  proteins  (3,4).  Individual  ER  variant  proteins  have  been  demonstrated  (5,6) 
but  in  most  instances  may  well  be  expressed  at  low  levels  in  most  tumors  compared  to  wt-ER  (4). 
Nevertheless  ER  variant  ejqjr^ion  may  important  to  consider  with  die  adoption  of  the  IHA  as  an 

alternative  to  the  classical  ligand  binding  dextran  coated  charcodl  (DCC)  assay  to  determine  ER 
status  (7,8,9).  The  IHA  affords  the  opportunity  to  determine  ER  status  in  parafBn  tumor  sections  and 
so  allows  the  parallel  assessment  of  tissue  fectors.  However  this  has  also  meant  that  ER  is  now 
defined  on  the  basis  of  structural  epitopes  as  opposed  to  functional  ligand  binding.  Expression  of 
most  ER  variants  would  not  be  detected  by  the  DCC  assay  because  in  many  cases  the  predicted 
variant  proteins  have  loss  or  disruption  of  the  C-terminus  and  ligand  binding  domain  (E/F  region)  of 
the  protein  (10).  However,  the  total  accumulation  of  multiple  ER-Iike  proteins  might  well  be 
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e:q)ected  to  interfere  with  IHA  determination  of  ER  status,  dqiending  on  the  target  specificity  of  toe 
antibody  employed.  Thus,  although  in  practice  a  good  overall  correlation  between  IHA  and  DCC 
exists,  discrepant  results  occur  in  a  proportion  of  tumors  (8,9,1 1,12,13).  These  discrepancies  are  not 
only  between  IHA  and  DCC  assays  (8,9),  and  also  between  IHA  performed  with  different  antibodies 
on  toe  same  tumors  (1 1,12,13).  While  tissue  related  factors  can  be  invoked  to  account  for  some  of  toe 
former  discrepancies,  differences  between  comparable  IHAs  scored  on  toe  same  areas  within  serial 
sections  (1 1 )  are  more  diflScult  to  e3q)lain. 

In  order  to  understand  such  discrqjandes  we  have  recently  examined  ER  mRNA  variant 
e}q>ression  and  shown  that  those  variants  toat  specific^y  encode  putative  truncated  ER-like 
proteins,  are  preferentially  e:q)ressed  in  these  ‘IHA-inconsistent’  cases  (14).  This  suggests  that  ER 
variant  proteins  endoed  by  ER  variant  mRNAs  may  contribute  to  discrepancies  in  ER  status 
determined  by  IHA  using  different  antibodies.  In  this  study  we  have  now  compared  toe  signal 
intensities  of  different  ER  targeted  antibodies  and  used  toese  to  examine  e5q)erimentally  toe  direct 

effect  of  truncated  ER  variant  expression  on  the  determination  of  wild  type  ER  (wt-ER)  status  by 

.. 

IHA. 

Materials  and  Methods 

ER  expression  vectors  and  transfection  assays 

Wt-ER  (HEGO,  kindly  provided  by  Dr  P.  Chambon)  was  cloned  into  toe  vector  pSG5  and 
e}q)ression  was  driven  by  an  SV40  promotor.  Truncated  ER-clone-4  was  cloned  into  toe  pcDNA3.1 
vector  (Invitrogen)  and  expression  was  driven  by  a  CMV  promotor.  ER-negative  Cos-1  cells  were 
grown  in  DMEM  supplemented  with  5%  (v/v)  fetal  bovine  serum.  The  cells  were  transiently 
transfected  with  5pg  of  either  pHEGO  or  pER-clone-4  expression  plasmid,  or  both  in  varying 


4 


proportions  (as  described  in  Fig  2).  After  48  hours,  transfected  cells  were  harvested  for 
immunoblotting  or  fixed  for  iinmunohistochemical  assay.  All  transfections  were  done  in  60-mm 
dishes  (for  Western  blot  samples)  or  in  chamber  slides  (for  immunohistochemistry  samples)  in 
parallel  and  using  the  Superfect  transfection  system  (Qiagen,  CA)  as  described  by  the  manufacturer. 
Plasmid  pCHllO  (encoding  P-galactosidase  protein,  Pharmacia)  was  co-transfected  and 
galactosidase  activity  was  determined  by  standard  methods  to  control  for  and  confirm  transfection 
efficiency  (25-35%  cells  positive). 

tf 

Western  Blot  Analysis 

Whole  cell  extracts  were  prepared  fi:om  cells  transfected  with  wt-ER,  ER-clone-4  or  both 
plasmids.  Cells  were  washed  with  chilled  phosphate-buffered  saline  (PBS),  scraped,  collected  in 
PBS,  centrifuged  at  lOOOg  for  5  minutes  at  4®C  and  cell  pellets  were  resuspended  in  200pl  of  50 
mM  Tris-HCl,  20  mM  EDTA,  5%  Sodium  dodecyl  sulphate(SDS),  1  mM  phenylmethylsulphonyl 

fluoride  (PMSF),  5  mM  p-glycerophosphate  and  ImM  aprotinm..  Protein  concentration  was 

. 

determined  by  the  Bio-Rad  (Hercules,  CA)  protein  assay  kit  as  described  by  the  manufacturer. 
Twenty-five  micrograms  of  protein  were  separated  on  a  10%  SDS-polyacrylamide  gel  and 

transferred  to  nitrocellulose.  Western  blot  analysis  to  detect  ER  present  in  different  transfected  cells 

/ 

was  carried  out  with  ER-specific  mouse  monoclonal  antibodies  1D5  (DAKO,  Canada)  or  AER314 
raised  against  N-terminal  epitopes  and  AER31 1  or  AER320  (Neomarkers,  CA),  raised  against  C- 
terminal  epitopes  (at  1/1000  dilution  for  all  antibodies)  of  the  wild  type  protein  (Fig  ID).  The 
second  antibody  used  was  a  horse-radish  peroxidase  (HRP)-conjugated  goat  anti-mouse  antibody 
(Hyclone  Laboratories,  Logan,  UT,  USA). Visualization  accomplished  using  the  Supersignal 

detection  system  (Pierce,  USA.)  according  to  the  manufacturer’s  instructions.  Densitometry  on 
Western  blot  signals  was  performed  using  a  video-computer  image  analysis  system  (M4,  Imaging 
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Research,  St  Catherines,  Ontario).  All  Western  blot  experiments  were  performed  at  least  in 
triplicate  on  independent  cell  transfections.  Statisitcal  comparisons  between  antibody  signals  were 
assessed  by  the  student  t-test. 

Immunohistochemistiy 

In  parallel  experiments,  Cos-1  cells  were  grown  in  chamber  slides  (Nalge  Nunc,  Inti.,  II,  USA). 
Transfections  were  performed  as  above.  Cells  were  fixed  in  2%  paraformaldehyde-PBS  for  30 
minutes  and  washed  twice  with  PBS  for  2  minutes.  Then  IHA  was  performed  as  described 

,  t  . 

previously  (1 1).  Briefly,  the  slides  were  incubated  in  10%  goat  serum  in  PBS  for  20  minutds  to 
block  non-specific  binding.  Primary  antibody  1D5  or  AER31 1  (at  1/50  dilution  for  both)  was  added 
and  incubation  carried  out  overnight  at  4*C,  followed  by  two  washes  in  PBS  for  5  minutes.  The 
second  antibody  (biotinylated  goat  anti-mouse  IgG,  Vector  Labs,  CA)  was  used  at  1 :200  dilution  in 
PBS  for  45  minutes  at  room  temperature.  Alter  a  rinse  in  PBS,  the  slides  were  incubated  in  AB 
Complex  (Elite  kit.  Vector  Labs)  at  1:100  dilution  for  45  minutes.  The  label  was  developed  using 
diaminobenzidine/hydrogen  peroxide  and  slides  were  then  lightly  counterstained  with  mediyl 
green,  dehydrated,  cleared  and  mounted. 

Human  breast  tumor  ^cimens  (10  cases)  were  obtained  from  the  NCIC-Manitoba  Breast 
Tumor  Bank.  Formalin  fixed  and  paraffin  embedded  tissue  blocks  were  sectioned  to  provide  serial 
sections  fix)m  tumors  and  examined  by  IHA  using  die  same  protocol  except  that  a  different  pair  of 
ER  antibodies  (AER3 14  and  AER320,  Neomarkers,  CA)  were  used. 

Semi-quantitative  H-scoring  for  all  IHA  experiments  was  done  as  previously  described  (11). 
Brown  immunoreactivity  of  cell  nuclei  was  taken  as  positive  and  the  proportion  of  negative  cells 
(Po)  and  those  staining  at  low  (P,),  moderate  (Pj),  or  high  (P3)  levels  of  intensity  scored.  The  score 
for  each  section  (H-score  =  [(OxPo)  +  (IxP,)  +  (2XP2)  +  (SxPj)]  x  100  )  was  calculated  from  the 
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mean  of  x  5  representative  high  power  fields  (Leica  DMRB,  x40  objective).  For  transfection 
experiments  where  non-specific  background  was  uniformly  higher  than  in  tumor  sections,  only  Pj 
and  Pj  values  were  entered  into  the  final  H-score.  Initial  IHA  e}q)eriments  were  also  analyzed  with 
the  video-densitometry  system  as  above,  to  compare  with  and  validate  the  H-scoring  quantification. 
All  IHA  slides  were  coded  and  assessment  was  done  without  knowledge  of  the  antibody, 
transfection  conditions,  or  tumor  identity.  As  described  previously  (1 1),  tumors  which  exhibited  an 
H-score  difference  of  >50  between  IHA  assays  performed  with  different  ER  antibodies  on  serial 
sections  were  classified  as  ‘IHA-jnconsistent’. 

•  i 

Results. 

Comparison  of  £R  antibodies. 

A  panel  of  ER  antibodies  directed  to  different  epitopes  was  tested  by  IHA  and  Western  blot  assay 
in  parallel,  applied  to  an  ER  negative  Cos-1  cell  line  transfected  with  wt-ER.  All  antibodies 
detected  a  65kDa  protein  on  Western  blot  (Fig.lA)  and  coipnarison  using  a  video-densitometry 
system  showed  that  fiiere  was  no  significant  difference  between  die  signals  obtained  with  1D5  and 
AER3 1 1  antibodies  (optical  density  units  mean®  for  1D5  =  0.79  vs  mean®  AER3 11=  0.78  ®  ; 
n = 4,  P>0.1).  IHA  was  performed  in  parallel  on  transfected  cells  using  these  antibodies  at  the  same 
relative  concentrations.  These  were  also  the  concentrations  that  we  had  previously  used  to  study 
breast  tumors.  Initially  IHA  was  assessed  by  both  video-densitometry  and  semi-quantitative  H- 
score  (applied  independently  and  without  knowledge  of  the  antibody)  and  it  was  found  that  these 
provided  comparable  results  (n  =  10,  r  =  0.96,  p  =  0.004,  data  not  shown).  Subsequently  all  IHA 
signals  were  quantitated  by  H-score.  Positive  immunoreactivity  in  approximately  30%  of  nuclei 
was  seen  with  IHA-1D5  and  IHA-AER311  with  no  significant  difference  in  ER  levels  (H-score 
1D5  mean®  =  63  * ;  AER31 1  mean®=  60  ” ,  n  =  7,  P>0.1,  Fig.2D). 
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Effect  of  modulation  of  ER  variant  expression  on  IHA. 

The  ER-clone-4  variant  was  used  for  these  experiments  as  this  variant  is  predicted  to  encode  a  C- 
terminally  truncated  ER-like  protein  and  has  previously  been  shown  to  be  frequently  expressed  in 
breast  tumors  (14,15,16).  Following  transfection  of  ER-clone-4  alone,  a  single  24  kDa  protein  was 
detected  by  Western  blot  analysis  (Fig.lB)  and  positive  nuclear  staining  was  only  seen  by  IHA 
using  N-terminal  antibodies  (1D5  and  AER314).  However,  C-terminal  antibodies  (AER311  and 
AER320)  failed  to  detect  it  on  Western  blot  (Fig  IB&C)  or  IHA  (Fig.2D).  IHA  was  then  performed 
nging  the  gflmft  protocol  as  used  in  our  previous  study  of  breast  tumors  applied  to  cells  followng 
co-transfection  widi  ER-clone-4  variant  and  wt-ER  to  obtain  different  proportions  of  ER  variant 
e>q)ression  relative  to  wt-ER.  We  observed  that  while  both  antibodies  recognized  wt-ER  on 
Western  blot  (Fig.lC)  and  gave  similar  H-score  values  with  wt-ER  alone,  a  significant  and 
inriTp-asifig  discordance  in  IHA  H-score  occiured  between  1D5  and  AER311  as  the  relative 
proportion  of  ER-clone-4  variant  increased  (P<0.03,  t-test.  Fig  2D). 


ER-IHA  on  breast  tumors. 

We  then  investigated  the  reproducibility  of  our  original  observation  in  breast  tumors.  A  different 

i 

pair  of  antibodies  was  selected  for  repeat  IHA  assay  (AER314  and  AER320  targeting  N-  and  C- 
terminal  ER  epitopes  respectively)  as  these  were  found  to  give  similar  results  in  Cos-1  cells 
following  wt-ER  transfection  and  Western  blot  analysis  (AER314  mean®  =0.67  ;vs  AER320 
mean®  =0.65  ®  ;  n=4,  P>0.1)  and  IHA  (data  not  shown).  The  original  tissue  blocks  were 

available  on  10  cases  that  were  all  ER/PR  positive  by  DCC  assay.  All  5  tumors  that  had 
previously  been  classified  as  ‘IHA-inconsistent’  by  our  previous  definition  (H-score  difference 
>50)  showed  lower  H-scores  by  IHA-AER320  as  compared  to  IHA  with  the  matching  AER314 
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antibody.  In  3/5  this  was  sufficient  to  remain  classified  as  ‘IHA-inconsistent’  (Table  1).  In 
contrast,  amongst  an  equal  number  of  cases  previously  classified  as  THA-consistent’,  3/5  showed 
equivalent  or  higher  H-scores  with  AER320.  In  1/5  of  the  latter  cases  the  IHA  was  inconsistent. 

Discussion. 

Multiple  ER  alpha  mRNA  variants  are  expressed  in  normal  breast  tissue  and  in  breast  tumors  (3). 
However,  in  considering  the  role  of  ER  variants  in  breast  cancer,  it  has  been  argued  that  ejq)ression 
of  ER  mRNA  variants  may  not  be  important  on  the  basis  that  expression  may  not  change  during 

t  . 

tumorigenesis  and  dial  the  evidence  to  date  for  expression  of  qjecific  variant  proteins  that  might  play 
a  role  in  hormonal  progression  is  limited  (17,18).  Nevertheless,  studies  founded  on  histologically 
characterised  tissue  sections  have  clearly  shown  that  certain  mRNA  variants  are  differentially 
expressed  between  normal  and  neoplastic  tissues  and  also  between  tumors  (19,20).  Differential 
expression  has  also  been  foimd  in  association  with  contrasting  reponses  to  estrogen  and  resistance  to 
tamoxifen  in  cell  lines  (21,22,23,24)  and  parameters  of  hormone  reponse  and  prognosis  in-vivo 
(16,25).  Overexpression  of  an  ER  mRNA  variant  deleted  in  exon  5  (D5-ER)  has  also  been  shown  to 
occur  in  certain  tamoxifen  resistant  tumors  (26)  and  has  been  used  successfully  to  predict  reponse  to 
hormonal  dierapy  of  hepatocellular  carcinoma  (27).  It  is  also  conceivable  that  ER  variants  might 
exert  indirect  functional  effects  through  competition  wife  wt-ER  fof  ER  binding  proteins  (28)  or  wife 
proteins  involved  in  interactions  wife  antiestrogens  (29) . 

Although  expression  of  specific  variant  proteins  has  not  yet  been  proven  in  breast  tumors,  partly 
because  it  has  been  difficult  to  develop  antibodies  that  will  distinguish  variants,  expression  of  ER- 
like  variant  proteins  expressed  recombinantly  can  be  demonstrated  in-vitro  and  in  breast  cell  lines 
(21,22).  In  some  cases  these  variant  proteins  have  been  shown  to  possess  either  hormone  independent 
and  constitutive  activity  or  to  exert  a  dominant  negative  influence  on  estrogen  regulated  target  genes 
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in  ex-vitro  models.  At  the  same  time  our  own  data  suggest  that  previous  attempts  to  demonstrate 
these  proteins  in-vivo  may  have  been  hampered  by  the  fact  that,  although  total  expression  of  ER 
variants  of  all  forms  may  be  significant,  many  individual  variants,  such  as  D5-ER  may  be  eT^ressed 
at  only  low  levels  in  breast  tissues  (4).  Furthermore,  our  recent  observation  that  inconsistmt 
immimogrflining  with  ER  antibodies  correlates  with  the  total  overal  ejqjression  of  mRNA  variants 
encoding  out-of-fiame  proteins  (i.e.  predicted  to  encode  C-terminally  truncated  ER-like  proteins)  also 
supports  the  view  that  ER-like  variant  proteins  are  present  in-vivo  (11,14).  In  the  latter  study  we 
examined  ER  expression  in  breast  tumors  by  DCC  and  IHA  using  both  ‘N-terminal’  (1D5)  and  ‘C- 
terminal’  (AER-311)  targeting  ER  alpha  antibodies.  The  IHA  provided  similar  results  to  the  DCC 
assay  in  terms  of  ER  status.  However  the  ER-IHA  results  firom  almost  25%  of  tumors  were 
discordant  (H-score  difference  of  >  50)  between  these  different  antibodies,  even  when  scored  on 
the  same  areas  within  serial  sections  (11).  Further  analysis  of  these  *IHA-inconsistent’  cases  by 
RT-PCR  assays  (4,20)  showed  that  those  ER  mRNA  variants  that  encode  putative  truncated 
ER-like  proteins,  were  preferentially  e3q)ressed  in  ‘IHA-inconsistent’  cases  (14). 

However,  although  the  aiitibodies  we  used  provided  similar  signal  intensities  by  IHA  on 
strongly  ER  positive  tumors,  and  in  many  tumors  the  IHA  signals  were  concordant  (1 1),  it 
remained  possible  that  the  discordant  IHA  signals  might  be  explained  by  different  antibody 
afSnities.  Furthermore,  the  principle  tiiat  ER  variants  may  interfere  witii  IHA  results  had  not 
previously  been  tested  experimentally.  Our  results  here  show  that  the  1D5  and  AER-311 
antibodies  can  provide  similar  signal  intensities  of  wt-ER  by  both  Western  blot  and  IHA  when 
used  at  the  same  relative  concentrations  as  in  our  previous  study  (1 1).  But  the  relative  IHA  signal 
intensity  obtained  with  these  antibodies  changes  and  becomes  inconsistent  with  increasing 
e)q)ression  of  a  truncated  ER  variant  protein  alongside  the  wt-ER.  IHA  consistency  or 
inconsistency  is  also  reproducible  when  tumor  blocks  that  have  previously  been  studied  are  re- 
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examined  using  a  different  pair  of  matched  ER  monoclonal  antibodies  targeting  similar  N  and  C 
terminal  epitopes.  In  one  case  the  paired  IHA  results  were  quite  different  between  these  studies. 
However  the  precise  epitopes  recognized  by  all  the  ER  antibodies  used  is  vmknown.  Also  the 
presence  of  additional  truncated  variants  in  this  particular  case,  similar  to  ER-clone-4,  that  would 
remain  undetected  by  the  RT-PCR  assays  we  have  previously  used,  cannot  be  ruled  out  (15,16). 

In  simunary,  we  have  shown  fliat  ER  status  determined  by  IHA  can  be  directly  influenced  by 
expression  of  a  C-terminally  truncated  ER  variant  and  that  inconsistent  IHA  results  in  tumors  are 

t  * 

reproducible.  We  conclude  that  BR  variant  proteins  can  intafere  with  IHA  assessment  of  1^  status 
and  diat  this  may  underlie  some  of  die  inconsistencies  in  determination  of  ^  status  in  breast  tuihors. 
The  relationship  between  ER  variant  eiqiression,  *IHA-inconsistenf  status  and  clinical  response  to 
endocrine  therapy  remains  to  be  determined. 


Figure  Legends 


Figure  1.  Western  blot  analysis  of  estrogen  receptor  expression  detected  with  different  antibodies 
in  Cos-1  cells  following  transient  transfection  with  ER  and/or  ER-clone-4  variant.  Twenty  five  pg 
of  whole  cell  extract  protein  prepared  firom  transfected  Cos-1  cells  were  loaded  in  each  lane  and 
separated  by  0.1%SDS-10%PAGE.  ( A  )  Cos-1  cells  transfected  with  wt-ER.  (  B  )  Cos-1  cells 
transfected  with  ER-clone-4  (C  )  Cos-1  cells  transfected  with  both  wt-ER  and  ER-clone-4. 
Monoclonal  antibodies  used  to' detect  ER  proteins  were  1D5  or  AER314,  and  AER311  or 
AER320,  which  target  epitopes  within  the  N-tenninal  and  C-tominal  of  die  ER  protein, 

respectively  0^). 

Figure  2  Immunohistochemical  detection  of  estrogen  recqptor— like  protein  in  transfected  Cos-1 
cells.  IHA-1D5  assay  (A,  B)  and  IHA-AER31 1  assay  (C)  were  conducted  on  cells  transfected  with 
either  ER-wt  alone  (A),  or  co-transfected  with  ER-wt  and  ER7jplone-4  (ratio  1%:99%,  B&C).  The 
graph  (D)  summarizes  the  H-score  values  obtained  by  either  IHA-1D5  or  IHA-AER31 1  applied  to 
Cos-1  cells  transfected  with  ER-wt  and  ER-clone-4  in  different  proportions.  Each  bar  represents  the 
mean  and  standard  deviation  relative  to^  IDS  H-score  appUed  to  ER-wt  transfected  ceUs  derived 
from  7  (ER-wt  alone)  or  3  (all  other)  independent  transfection  eiqieriments. 
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Table  1  H-Score  determination  by  immunohistochemical  assay  with  different  ER  antibodies 


(difference  >=50)  shown  in  bold,  consistent  H-Score  between  antibodies  (<50)  shown  in  regular  typeface. 
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The  accumulated  evidence  supports  the  expression  of  estrogen  receptor  variants  at  both  the  mRNA 
and  protein  levels.  The  relative  level  of  expression  of  some  estrogen  receptor  variant  mRNAs  and 
possibly  progesterone  receptor  variant  mRNAs  is  altered  during  breast  tumorigenesis  and  breast 
cancer  progression.  The  altered  expression  of  estrogen  receptor  variants  may  effect  estrogen  signal 
transduction  as  well  as  the  interpretation  of  assays  where  the  estimation  of  estrogen  receptor  levels 
is  used  as  a  guide  to  treatment  strategies  and  prognosis.  ©  1998  Elsevier  Science  Ltd.  All  rights 
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INTRODUCTION 

The  estrogen  receptor  is  considered  pivotal  in  the 
mechanism  by  which  estrogen  interacts  with  its  target 
cells  and  mediates  its  specific  effects.  Classically,  the 
estrogen  receptor  is  considered  to  be  a  ligand  acti¬ 
vated  transcription  factor,  which  upon  estrogen  bind¬ 
ing  undergoes  conformational  changes  which  allow  it 
to  dimerize,  tightly  bind  to  estrogen  responsive  DNA 
sequences  and  alter  transcription  of  target  genes  [1,2]. 
However,  the  diverse  effects  of  estrogen  on  target 
tissues  [3-6]  and  the  observation  that  many  human 
breast  cancers  develop  estrogen  independence  despite 
the  continued  expression  of  the  estrogen  receptor  [7] 
suggest  that  the  concept  of  estrogen  action  described 
above  is  unlikely  to  simply  explain  all  aspects  of  estro¬ 
gen  action  [2, 8] .  Evidence  has  accumulated  over  the 
last  decade  supporting  the  existence  of  estrogen 
receptor  variants  [9,10].  Therefore  the  possibility 
exists  that  estrogen  receptor  variants  may  have  a 
pathophysiological  role  in  estrogen  action.  For 
example,  the  pattern  of  estrogen  receptor  variant  ex¬ 
pression  may  influence  which  set  of  estrogen  respon¬ 
sive  genes  are  transcribed.  The  following  discussion 
reviews  the  evidence  available  to  support  a  pathophy- 


Proceedings  of  the  1 3th  International  Symposium  of  the  Journal  of 
Steroid  Biochemistry  &  Molecular  Biology  '‘^Recent  Advances  in 
Steroid  Biochemistry  &  Molecular  Biology^^  Monaco  25-28  May 
1997. 

■^Correspondence  to  L.  C.  Murphy.  Tel.:  +1-204-7893233;  fax: 
+001-204-789-3900;  e-mail:  lcmurph@cc.umanitoba.ca. 


siological  role  of  estrogen  receptor  variants  in  human 
breast  tissues. 

STRUCTURE  OF  ESTROGEN  RECEPTOR 
VARIANT  MRNAS 

Most  data  supporting  the  existence  of  estrogen 
receptor  (ER)  variants  have  been  at  the  mRNA  level. 
Two  main  structural  patterns  of  estrogen  receptor 
variant  mRNAs  have  been  consistently  identified:  the 
truncated  ER  mRNAs  [11]  and  the  deleted  ER 
mRNAs  [12].  Using  a  long  range  reverse  transcrip¬ 
tion-polymerase  chain  reaction  analysis  (RT- 
PCR)  [13]  which  detects  all  deleted  ER  variant 
mRNAs  at  a  frequency  relative  to  their  initial  mRNA 
representation  in  the  unamplified  sample  [14],  the 
most  frequently  detected  and  likely  the  most  abun¬ 
dant  deleted  ER  variant  mRNAs  in  human  breast 
tumors  appear  to  be  the  exon  7  deleted  ER 
mRNA  [13,15]  and  the  exon  4  deleted  ER 
mRNA  [13,16].  However,  in  some  breast  tumors 
other  deletion  variants  such  as  an  exon  3  +  4  deleted 
ER  mRNA  [13]  and  an  exon  4  +  7  deleted  ER 
mRNA  [13]  have  been  frequently  detected.  An  exon  5 
deleted  ER  variant  mRNA  is  rarely  detected  using  the 
long  range  RT-PCR  approach,  suggesting  that  its 
abundance  is  low  compared  to  several  other  ER 
deleted  mRNAs.  However,  when  specific  PCR  pri¬ 
mers  are  used  to  measure  only  the  exon  5  deleted  ER 
mRNA  relative  to  the  wild-type  ER  mRNA,  the  levels 
of  the  exon  5  variant  mRNA  are  found  to  vary 
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amongst  breast  tumor  samples  [17]  as  well  as  between 
normal  breast  tissues  and  breast  tumors  [18].  Also 
truncated  ER  variant  mRNAs  have  been  frequently 
detected  at  relatively  high  abundance  in  several 
human  breast  tumors  [19,20].  In  fact  the  truncated 
ER  variant  mRNAs  are  the  only  ER  variant  tran¬ 


scripts  that  have  been  detected  by  Northern  blotting 
analysis  and  the  entire  cDNAs  cloned  and 
sequenced  [11, 19].  A  commonly  expressed  truncated 
ER  mRNA  is  the  clone  4  truncated  ER  mRNA.  The 
predicted  proteins  of  these  relatively  most  abundant 
ER  variant  transcripts  are  shown  schematically  in 
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Fig,  1.  Schematic  diagram  of  the  wild- type  human  estrogen  receptor  (ER)  cDNA,  which  contains  8  different 
exons  coding  for  a  protein  divided  into  structural  and  functional  domains  (A-F),  Region  A/B  of  the  receptor  is 
implicated  in  trans -activating  function  (AF-1).  The  DNA-binding  domain  is  located  in  the  C  region.  Region  E 
is  implicated  in  hormone  binding  and  another  trans-activating  function  (AF-2),  The  numbering  on  the  top  of 
the  cDNA  refers  to  the  nucleotide  position  as  defined  in  reference  [39],  Below  the  wild-type  ER  cDNA  are  the 
various  putative  exon  deleted  and  truncated  ER  cDNAs.  ATG  shows  the  translation  initiation  codons,  TGA 
shows  the  inframe  translation  termination  codons  and  the  numbering  below  the  cDNA  refers  to  the  amino 
acid  positions  as  defined  in  Ref.  [39],  D  =  deletion,  and  the  estimated  molecular  mass  (kDa  =  kiloDaltons)  of 
each  open  reading  frame  is  shown  in  brackets.  Molecular  masses  were  estimated  using  MacVector  version 

4.1.4  software. 


Role  of  estrogen  receptor  in  human  cancer 


177 


Fig.  1.  All  of  these  variant  transcripts  will  encode  ER 
proteins  missing  some  structural/functional  domains 
of  the  wild-type  ER.  In  many  cases  i.e.  the  exon  7 
deleted^  the  exon  4  +  7  deleted  and  the  clone  4  trun¬ 
cated  ER  variant  mRNAs  will  encode  C-terminally 
truncated  proteins  in  which  the  ligand  binding 
domain^  the  ligand  dependent  transcriptional  activity 
(AF-2)  and  the  ligand  dependent  dimerization 
domain  are  significantly  impaired.  Although  the  exon 
4  deleted  and  the  exon  3  +  4  deleted  transcripts  are 
inframe,  studies  indicate  that  the  proteins  encoded  by 
these  transcripts  cannot  bind  ligand  and  have  little,  if 
any,  ligand  dependent  transcriptional  activity  [16, 21]. 
Furthermore,  the  proteins  encoded  by  the  clone  4 
truncated,  the  exon  3  deleted,  the  exon  3  +  4  deleted 
and  the  exon  4  +  7  deleted  variant  mRNAs  are  all 
unlikely  to  bind  significantly  to  classical  estrogen  re¬ 
sponsive  DNA  sequences.  A  common  feature  of  all 
the  relatively  abundantly  expressed  ER  variant 
mRNAs  described  above,  is  they  would  encode  pro¬ 
teins  with  intact  A/B  regions.  This  region  has  been 
described  to  contain  a  promoter  and  cell-type  specific 


transcriptional  activity  [22, 23],  although  its  ability  to 
function  in  the  complete  absence  of  an  intact  DNA 
binding  domain  is  unexplored.  In  summary,  a  large 
body  of  molecular  data  exists  to  support  the  potential 
expression  of  ER  variant  proteins. 

SPECIFICITY  OF  ESTROGEN  RECEPTOR 
VARIANT  EXPRESSION 

The  available  studies  provide  evidence  for  an  exten¬ 
sive  and  complex  pattern  of  alternative  splicing  as¬ 
sociated  with  the  estrogen  receptor  gene,  which 
appears  to  be  altered  during  breast  tumorigenesis.  It 
has  been  suggested  that  the  complex  pattern  of  exon 
deleted  ER  variant  mRNA  expression  is  specific  for 
the  estrogen  receptor,  since  similar  variants  for  the 
glucocorticoid  receptor  and  the  retinoic  acid  receptors 
alpha  and  gamma  have  not  been  found  in  breast 
tumor  tissues  [24] .  We  have  also  investigated  the  pat¬ 
tern  of  exon  deleted  variant  mRNA  expression  in 
breast  tumors  using  a  long  range  RT-PCR 
approach  [13]  for  the  progesterone  receptor  (PR)  [25], 


Tumor  1  Tumor  2  Tumor  3 


■ER  PR  GR  VR'  ER  PR  GR  VR'ER  PR  GR  VR* 


Fig.  2.  Autoradiograph  of  long  range  RT-PCR  analysis  for  ER,  PR,  GR  and  VR  mRNA  isolated  from  three 
human  breast  tumor  biopsy  samples.  All  tumors  were  ER+  and  PR+  by  ligand  binding  assay.  The  primers  and 
RT-PCR  conditions  for  ER  and  PR  were  as  previously  described  [13, 25]  except  that  the  annealing  time  was 
30  seconds  only.  The  primers  for  the  GR  are  as  previously  described  [24]  and  located  in  exons  2  and  8,  respect¬ 
ively.  The  RT-PCR  conditions  were  those  described  above  for  ER  and  PR.  The  primers  for  the  VR  are:  VR-U 
5'-GAAGCGGAAGGCACTAT-3',  sense  155-171  as  defined  in  [27];  VR-L  5'-GAGCACAAGGGGCGTTA-3', 
antisense  1240-1256  as  defined  in  Ref.  [27].  D  =  deletion.  The  numbers  beside  the  arrows  represent  the  sizes 
(bp)  of  the  PCR  product;  1381  is  WT-ER;  1197  is  D7-ER;  1100  is  WT-VR;  1093  is  WT-PR;  1045  is  D4-ER;  987 
is  WT-GR;  962  is  D6-PR;  928  is  D3  +  4-ER;  861  is  D4  +  7  ER;  787  is  D4-PR;  580  is  D3  +  7-ER[13,25]. 
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the  glucocorticoid  receptor  (GR)  [26]  and  the  vitamin 
D3  receptor  (VR)  [27].  Our  data^  shown  in  Fig.  2^ 
demonstrate  that  little,  if  any,  deleted  variant  mRNAs 
for  the  GR  and  VR  were  detected  in  the  three  breast 
tumors  examined.  However,  in  these  same  breast 
tumors,  several  exon  deleted  variant  mRNA  species 
for  both  the  ER  and  PR  were  abundantly  expressed 
(Fig.  2).  Importantly,  our  published  data  have  shown 
that  the  expression  of  the  exon  5  deleted  ER  variant 
mRNA  and  the  truncated  clone  4  ER  variant  mRNA 
is  elevated  in  breast  tumors  compared  to  normal 
breast  tissues  [18,28]  and  our  preliminary  data 
suggest  that  the  level  of  the  exon  6  deleted  PR  variant 
mRNA  was  more  highly  expressed  relative  to  the 
wild-type  PR  mRNA  in  breast  tumors  compared  to 
normal  breast  tissues  (Leygue  et  al  unpublished 
data).  These  data  suggest  that  the  mechanisms  gener¬ 
ating  alternatively  spliced  forms  of  both  ER  and  PR 
are  unlikely  to  be  due  to  a  generalized  deregulation 
and/or  alteration  of  splicing  processes  within  breast 
tumors.  They  also  suggest  that  the  mechanism (s)  is 
specific  for  the  sex  steroid  hormone  receptor  genes 
and  the  alterations  seen  in  breast  tumors  may  have  a 
role  in  altered  actions  of  estrogens  and  progestins  in 
human  breast  tumorigenesis. 

IDENTIFICATION  OF  ESTROGEN  RECEPTOR 
VARIANT  PROTEINS 

Recent  data  published  from  several  independent 
groups  strongly  support  the  detection  of  estrogen 
receptor  like  proteins  which  could  correspond  to 
some  of  the  previously  identified  estrogen  receptor 
variant  mRNAs  in  both  cell  lines  and  tissues  in  vivo. 

An  ER-like  protein  consistent  with  that  predicted 
to  be  encoded  by  the  exon  5  deleted  ER  transcript  is 
expressed  naturally  in  some  BT  20  human  breast  can¬ 
cer  cell  lines  [29].  A  monoclonal  antibody  specific  to 
the  predicted  unique  C-terminal  amino  acids  of  an 
exon  5  deleted  ER  protein  was  developed,  and  used 
to  demonstrate  immunohistochemically  the  presence 
of  this  protein  in  several  human  breast  cancer 
samples  [30].  An  exon  4  deleted  ER  variant  mRNA 
has  been  identified  in  both  normal  and  neoplastic 
ovarian  tissue  [31].  Western  blotting  analyses  revealed 
the  presence  of  the  expected  65  kDa  wild-type  ER 
protein  as  well  as  a  53  kDa  protein  which  was  recog¬ 
nized  by  ER  antibodies  to  epitopes  in  the  N-terminus 
and  C-terminus  of  the  wild-type  protein,  but  not  with 
an  antibody  recognizing  an  epitope  encoded  by  exon 
4  [31].  These  data  strongly  support  the  hypothesis 
that  the  small  sized  ER-like  protein  in  the  ovarian  tis¬ 
sue  extracts  was  encoded  by  an  exon  4  deleted  ER 
variant  mRNA. 

Recently,  we  have  analyzed  several  human  breast 
tumors  immunohistochemically  for  ER  expression, 
comparing  side-by-side  an  antibody  recognizing  an 
N-terminally  localized  epitope  in  the  wild-type  ER 


protein  (1D5),  and  an  antibody  recognizing  a  C- 
terminally  localized  epitope  in  the  wild-type  ER  pro¬ 
tein  (AER311).  It  was  found  that  although  in  many 
tumors  the  immunohistochemical  results  using  each 
antibody  showed  good  concordance  with  each  other, 
in  some  tumors  the  results  were  discordant,  with  the 
signal  tending  to  be  higher  with  the  N-terminal  anti¬ 
body.  Since  many  of  the  proteins  predicted  from  var¬ 
iant  ER  mRNAs  would  be  truncated  at  the  C- 
terminus  and  not  contain  the  epitope  recognized  by 
the  C-terminal  antibody,  one  interpretation  of  these 
data  would  be  that  truncated  variant  ER  proteins  are 
more  highly  expressed  in  the  discordant  group  of 
tumors  [32].  This  hypothesis  was  tested  by  investi¬ 
gating  the  pattern  and  relative  expression  of  variant 
ER  mRNAs  in  the  discordant  and  concordant  groups 
of  breast  tumors.  Several  ER  variant  mRNAs  (the 
clone  4  truncated  ER  mRNA,  the  exon  2,  3  +  7 
deleted  ER  mRNA,  the  exon  2,  3  +  4  deleted  ER 
mRNA  and  the  variant  deleted  within  exon  3  to 
within  exon  7)  which  encode  putative  truncated  ER- 
like  proteins  that  would  be  recognized  only  by  an  N- 
terminally  targeted  antibody  were  preferentially  and 
more  highly  expressed  in  the  discordant  breast  tumor 
group  [33].  While  this  indirect  approach  does  not 
specifically  identify  ER  variant  proteins,  the  data 
suggest  that  the  ER  variant  mRNAs  encoding  trun¬ 
cated  ER  proteins  may  contribute  to  discrepancies  in 
ER  measured  by  immunodetection  assays  using  N-  or 
C-terminal  antibodies. 

The  accumulated  data  provide  strong  support  for 
the  ability  of,  at  least  some  ER  variant  mRNAs  to  be 
stably  translated  into  proteins  detectable  by  conven¬ 
tional  methodologies.  Such  proteins  may  have  a  func¬ 
tional  role  in  altered  estrogen  signal  transduction  in 
human  breast  tumorigenesis. 

FUNCTIONAL  SIGNIFICANCE  OF  ESTROGEN 
RECEPTOR  VARIANT  EXPRESSION 

The  important  question  to  be  addressed  now  is  the 
role  of  ER  variants  in  those  tissues  in  which  they  are 
expressed.  One  approach  has  been  to  recombinantly 
express  individual  ER  variants,  alone  and  together 
with  the  wild-type  ER,  and  determine  effects  on  tran¬ 
scriptional  activity  as  measured  by  a  classical  estrogen 
response  element  (ERE) -reporter  gene.  This  has 
demonstrated  the  exon  5  deleted  ER  to  have  constitu¬ 
tive  activity  [34]  and  wild-type  ER  inhibitory 
activity  [30].  As  well  the  exon  3  deleted  ER[35],  the 
exon  4  deleted  ER  [31]  and  the  exon  7  deleted 
ER[15]  have  been  identified  in  some  systems  to  have 
wild-type  ER  inhibitory  activity.  Some  ER  variants 
such  as  the  exon  3  +  4  deleted  variant  have  been 
shown  to  enhance  wild-type  ER  activity,  at  least  at 
the  basal  level  [36].  Other  ER  variants  such  as  the 
truncated  clone  4  ER  have  no  detectable  activity  in 
similar  assays  [11]. 
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Another  approach  has  been  to  determine  if  the  ER 
variants  are  differentially  expressed  in  normal  vs  neo- 
plastic  breast  tissues.  The  accumulated  data  support 
the  increased  expression  of  the  exon  5  deleted  [1 83  31] 
and  the  clone  4  truncated  ER  mRNAs  [28]  in  breast 
tumors  with  good  prognositic  features  compared  to 
normal  breast  tissues.  Furthermore  it  has  been 
suggested  that  decreased  expression  of  an  exon  3 
deleted  ER  mRNA  occurs  in  breast  tumors  compared 
to  normal  breast  tissue  [37].  Further  changes  seem  to 
occur  during  the  later  stages  of  breast  cancer  pro¬ 
gression  since  the  relative  level  of  expression  of  the 
clone  4  truncated  ER  mRNA  was  found  significantly 
elevated  in  breast  tumors  with  characteristics  of  poor 
prognosis  and  endocrine  resistance  vs  those  with 
characteristics  of  good  prognosis  and  endocrine 
sensitivity  [20] .  Moreover,  increased  expression  of  an 
exon  3  +  4  deleted  ER  was  found  associated  with  the 
estrogen  independent,  ER  positive  phenotype  in  a 
breast  cancer  cell  line  model  [36]  and  preliminary 
data  support  the  functional  involvement  of  the  over¬ 
expressed  ER  variant  in  the  estrogen  independent 
phenotype  (Coutts  et  al,  unpublished  data). 

Inconsistent  results  have  been  obtained  with 
respect  to  stably  overexpressing  an  individual  ER  var¬ 
iant  in  a  hormone  dependent  breast  cancer  cell  line 
and  the  resulting  development  of  endocrine 
resistance  [10,38].  The  data  suggest  that  altered  ER 
variant  expression  may  contribute  to  altered  estrogen 
receptor  activity  which  together  with  other  factors  will 
contribute  to  breast  cancer  progression  and  the  event¬ 
ual  development  of  hormone  independence  and  re¬ 
sistance  to  endocrine  therapy  [7] . 


CONCLUSIONS 

Estrogen  receptor  variants  can  be  detected  at  both 
the  mRNA  and  protein  levels.  The  level  of  expression 
of  some  ER  variants  is  altered  during  breast  tumori- 
genesis  and  breast  cancer  progression.  The  functional 
involvement  of  ER  variants  and  possibly  PR  variants 
in  breast  cancer  progression  and  altered  responses  to 
these  steroid  hormones  requires  further  detailed  in¬ 
vestigation.  More  immediately,  the  impact  of  ex¬ 
pression  of  variant  ER  and  PR  on  the  determination 
of  ER  and  PR  immunohistochemically  as  markers  of 
prognosis  and  treatment  response  in  breast  cancer 
requires  assessment. 
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Abstract 

Several  variant  fonns  of  the  estrogen  receptor  alpha  (ER-a)  mRNA  have  been  described  in  human  breast  tissues. 
Among  these,  ER-a  mRNA  variants  truncated  after  sequences  encoding  exon  2  of  the  wild-type  ER-a  mRNA 
(ERC4  mRNA),  or  deleted  in  exon  3  (ERD3  mRNA)  or  exon  5  (ERD5  mRNA)  sequences,  were  previously 
shown  to  be  differentiaUy  expressed  between  independent  normal  and  breast  tumor  tissues.  Using  semi- 
quantitative  reverse  transcription-polymerase  chain  reaction  assays,  we  have  investigated  the  expression  of  these 
variant  mRNAs  relative  to  wild-type  ER-a  mRNA  in  18  samples  of  normal  breast  tissues  and  their  adjacent 
matched  breast  tumor  tissues.  A  general  trend  towards  a  higher  ERC4  mRNA  and  a  lower  ERD3  mRNA  relative 
expression  in  the  tumor  compartment  was  observed.  These  differences  reached  statistical  significance  when 
considenng  only  the  ER-positive/progesterone  receptor  positive  (p=0.019)  and  the  ER-positive  (p=0.023) 
subsets,  as  measured  by  the  ligand  binding  assay,  respectively.  A  significantly  (p=0.035)  higher  relative 
expression  of  ERD5  mRNA  was  observed  in  tumor  components  overall.  These  data  confirm  previous 
observations  and  demonstrate  that  changes  in  the  expression  of  ER-a  variant  mRNAs  relative  to  whd-type  occur 
between  adjacent  normal  and  neoplastic  breast  tissues. 

Key  words 

Estrogen  receptor,  breast  cancer,  tumor  progression,  variant  mRNAs. 

Introduction 

Estrogen  receptors  alpha  (ER-a)  and  beta  (ER-P)  are  thought  to  mediate  the  action  of  estradiol  in  target  tissues 
(1,2).  These  two  receptors,  which  belong  to  the  steroid/retinoic  acid/thyroid  receptor  superfamily  (3),  contain 
several  stmctural  and  fimctional  domains  (4)  encoded  by  two  mRNAs  containing  8  exons  (5,  6).  Upon  ligand 
binding,  ER-a  and  ER-P  proteins  recognize  specific  estrogen  responsive  elements  (EREs)  located  in  DNA  in  the 
proxirmty  of  target  genes,  and  through  interactions  with  several  co-activators  modulate  the  transcription  of  these 
genes  (7,  8).  Several  ER-a  and  ER-P  variant  mRNAs  have  been  identified  in  both  normal  and  neoplastic  human 
tissues  (for  a  review  see  9.  10-13).  Most  of  these  variants  contain  a  deletion  of  one  or  more  exons  of  the  wild- 
type  ER  mRNA.  The  putative  proteins  encoded  by  these  variant  mRNAs  would  therefore  be  missing  some 
functional  domains  of  the  wild-type  receptors  and  might  interfere  with  wild-type  ER  signaling  pathways.  Indeed, 
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in  vitro  functional  studies  have  shown  that  some  recombinant  ER-a  variant  proteins  can  affect  estrogen  regulated 
gene  transcription.  For  example,  ERD3,  the  variant  protein  encoded  by  exon  3  deleted  ER-a  mRNA,  that  is 
missing  the  second  zinc  finger  of  the  DNA  binding  domain,  has  been  shown  to  have  a  dominant  negative 
activity  on  wild-type  ER-a  receptor  action  (14).  A  similar  dominant  negative  activity  has  been  observed  for 
ERD5  variant  protein,  encoded  by  an  ER-a  variant  mRNA  deleted  in  exon  5  sequences,  that  is  missing  a  part  of 
the  hormone  binding  domain  of  the  wild-type  molecule  (15).  Interestingly,  a  constitutive  hormone  independent 
activity  (16)  and  a  wild-type  enhancing  activity  (17)  have  also  been  attributed  to  ERD5  variant  protein  in  different 
systems.  The  relevance  of  the  levels  achieved  in  these  transfection  experiments  to  in  vivo  expression  remains 
unclear.  One  should  also  note  that  these  functional  activities  are  likely  to  be  cell  type  and  promoter  specific  (9). 
However,  the  discovery  that  these  ER-a  variants  are  expressed  in  both  normal  and  neoplastic  human  breast 
tissues  raised  the  question  of  their  possible  role  in  breast  tumorigenesis  (see  ref  9  and  references  herein).  We 
have  previously  reported  an  increased  relative  expression  of  ERD5  mRNA  and  of  ERC4  mRNA,  another  ER-a 
variant  mRNA  truncated  of  all  sequences  following  the  exon  2  of  the  wild-type  ER-a,  in  breast  tumor  samples 
versus  independent  normal  breast  tissues  (18-20).  In  contrast,  Erenburg  et  al.  reported  recently  a  decreased 
relative  expression  of  ERD3  mRNA  in  tumor  tissues  and  cancer  cell  lines  versus  independent  normal  reduction 
mammoplasty  samples  (21).  These  data,  which  suggested  that  alteration  in  ERD5,  ERD3  and  clone  4  mRNA 
expression  may  occur  during  breast  tumorigenesis,  were  obtained  in  tissues  from  different  individuals  and 
possible  inter-individual  differences  cannot  be  excluded.  In  order  to  clarify  this  issue,  we  investigated  the 
expression  of  these  three  variant  mRNAs  in  normal  breast  tissues  and  their  matched  adjacent  primary  breast 
tumor  tissues. 

Materials  and  methods 

Human  breast  tissues  and  reverse  transcription 

Human  breast  specimens  (18  cases)  were  selected  from  the  Manitoba  Breast  Tumor  Bank  (Winnipeg,  Manitoba, 
Canada).  The  processing  of  specimens  collected  in  the  Manitoba  Breast  Tumor  Bank  has  already  been  described 
(22).  Briefly,  each  specimen  had  been  rapidly  frozen  as  soon  as  possible  after  surgical  removal.  A  portion  of  the 
frozen  tissue  block  was  processed  to  create  a  paraffin-embedded  tissue  block  matched  and  orientated  relative  to 
the  remaining  frozen  block.  These  paraffin  blocks  provide  high  quality  histologic  sections,  which  are  used  for 
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pathologic  interpretation  and  assessment  and  ate  mirror  images  of  the  frozen  sections  used  for  RNA  extractions. 
For  each  case,  tumor  and  adjacent  normal  tissues  from  the  same  individual  were  histologically  characterized  by 
observation  of  paraffin  sections.  The  presence  of  normal  ducts  and  lobules  as  weU  as  the  absence  of  any 
prohferative  lesion  were  confirmed  in  all!  8  normal  specimens.  Within  the  eighteen  adjacent  primary  invasive 
ductal  breast  careinomas,  seven  were  ER  negative  «  3  fmol/mg  protein,  mean  =  1,44  fmol/mg  protein)  and 
eleven  were  ER  positive  (>  3  fmol/mg  protein,  tanging  from  3.5  to  159  fmol/mg  protein,  mean  =  38.8  fmol/mg 
protein),  as  determined  by  the  ligand  binding  assay.  Within  the  ER  negative  tumor  subgroup,  6  tumors  were 
progesterone  receptor  (PR)  negative  «10  fmol/mg  protein,  mean  =  6.41  fmol/mg  protein)  and  1  was  PR  positive 
(>10  finol/mg  ptotem),  as  measured  by  the  Ugand  binding  assay.  In  the  ER  positive  subgroup,  2  tumors  were 
PR  negative  and  9  were  PR  positive  (PR  levels  tanging  from  1 1,6  to  134  finoPmg  protein,  mean  =  52.6  finol/mg 
protein).  Total  RNA  was  extracted  from  frozen  tissue  sections  and  reverse  transcribed  in  a  final  volume  of  25  pi 
as  previously  described  (18).  The  quality  of  cDNAs  obtained  was  assessed  by  ampUfication  of  the  ubiquitously 
expressed  glycetaldehyde-3-phosphate  dehydrogenase  (GAPDH)  cDNA,  as  described  previously  (18), 
Polymerase  chain  reaction  (PCR) 


ERC4  primer  set  was  used  to  co-amplify  wild-type  ER-cz  (WT-ER)  and  ERC4  cDNAs.  This  set  consisted  of 
ERU  pnmer  (5'-TOTGCAATGACTATGCrTCA-3';  sense;  located  in  WT-ER  exon  2;  position  792-811,  as 
numbered  in  reference  1),  ERL  primer  (5'-GCrcrrCCTCCTGTTTTTAT-3';  antisense;  located  in  WT-ER  exon 
3;  position  940-921,  as  numbered  in  reference  1),  and  C4L  primer  (5'-TTTCAGTCrTCAGATACCCCAG-3'; 
antisense;  located  in  C4ER  sequence;  position  1336-1315,  as  numbered  in  reference  19). 


ERD3  primer  set,  nsed  to  co-amplify  WT-ER  and  ERD3  cDNAs,  consisted  of  D3U  primer  (5'- 
TGTGCAATGACTATGCTTCA-3';  sense;  located  in  WT-ER  exon  2;  position  792-811,  as  numbered  in 


reference  1)  and  DSL  primer  (5’-TGTTCTTCTTAGAGCGnTGA-3'; 


antisense;  located  in  WT-ER  exon  4; 


position  1 145-1125,  as  numbered  in  reference  1). 


ERD5  primer  set,  used  to  co-ampUfy  WT-ER  and  ERD5  cDNAs,  consisted  of  D5U  primer  (5'- 
CAGGGGTGAAGTOGGGTCTGCTO-3';  sense;  located  in  WT-ER  exon  4;  position  1060-1082,  as  numbered 
in  reference  1)  and  D5L  primer  (5'-ATGCGGAACCGAGATGATGTAGC-3';  antisense;  located  in  WT-ER 
exon  6;  position  1542-1520,  as  numbered  in  reference  1). 
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PCR  amplifications  were  performed  and  PCR  products  analyzed  as  previously  described  (18,  20,  23),  Briefly 
0.2  pi  of  reverse  transcription  mixture  was  amplified  in  a  final  volume  of  15  pi,  in  the  presence  of  1.5  pCi  of  (ct- 
32p]  dCTP  (3000Ci/mmol),  4  ng/pl  of  each  primer  of  the  primer  set  considered  (ERC4,  ERD3  or  ERD5  primer 
set)  and  0.3  unit  of  Taq  DNA  polymerase.  Each  PCR  consisted  of  30  cycles:  1  min  at  94°C,  30  sec  at  60°C  and  1 
min  at  72°C  for  ERC4  primer  set;  and  30  sec  94°C,  30  sec  at  60°C  and  30  sec  at  72°C  for  ERD3  and  ERD5 
primer  sets.  PCR  products  were  then  separated  on  6%  polyacrylamide  gels  containing  7M  urea  (PAGE). 
Following  electrophoresis,  the  gels  were  dried  and  autoradiographed.  For  each  PCR,  two  PCR  products  were 
obtained,  which  were  identified  by  subcloning  and  sequencing,  performed  as  previously  described  (18,  23). 
PCR  products  migrating  with  the  apparent  size  of  149  bp,  354  bp  and  483  bp,  using  ERC4,  ERD3  and  ERD5 
primer  set,  respectively,  were  shown  to  correspond  to  WT-ER  cDNA.  PCR  products  migrating  with  the  apparent 
size  of  536  bp,  237  bp  and  344  bp,  using  ERC4,  ERD3  and  ERD5  primer  set,  were  shown  to  correspond  to 
ERC4,  ERD3  and  ERD5  cDNAs,  respectively. 

For  each  experiment,  bands  corresponding  to  the  variant  mRNA  (i.e  ERC4,  ERD3  or  ERD5)  and  to  WT-ER, 
were  excised  from  the  gel  and  counted  in  a  scintillation  counter. 

Quantitation  and  statistical  analysis 

For  each  set  of  primers  (i.e  ERC4,  ERD3  and  ERD5  primer  set)  and  for  each  sample,  4  independent  PCR  assays 
were  performed.  The  ratios  between  ERC4,  ERD3  or  ERD5  signals  and  corresponding  WT-ER  signal  were 
calculated.  For  each  experiment,  in  order  to  correct  for  overall  inter-assay  variations  (due  to  different  batches  of 
radiolabelled  [(x-^2pj  dCTP  or  of  Taq  DNA  polymerase),  the  ratio  observed  in  the  same  particular  tumor  (case 
number  12)  was  arbitrarily  given  the  value  of  one  and  all  other  ratios  expressed  relatively,  in  arbitrary  units  (see 
Fig.  2).  Under  our  experimental  conditions,  some  samples  did  not  have  measurable  levels  (i.e  signal  lower  than 
twice  the  background  value)  of  D3ER  or  D5ER  variant  mRNAs  (see  figure  1  and  2)  in  any  of  the  4  repetitions 
performed.  Only  cases  having  detectable  levels  in  at  least  3  of  the  replicates  in  both  their  normal  and  tumor 
compartments  were  included  in  the  statistical  analysis.  The  significance  of  the  differences  in  the  relative  levels  of 
expression  of  ERC4,  ERD3  and  ERD5  mRNAs  between  matched  normal  and  tumor  components  was  determined 
using  the  Wilcoxon  signed  rank  test. 
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Results 

In  order  to  investigate  the  expression  of  ERC4,  ERD3  and  ERD5  mRNA  expression  relative  to  WT-ER  mRNA 
within  matched  normal  and  breast  tumor  tissues,  eighteen  cases  were  selected  in  the  Manitoba  Breast  Tumor 
Bank,  which  had  well  separated  and  histopathologically  characterized  normal  and  adjacent  neoplastic 
components.  Total  RNA  was  extracted  from  frozen  tissue  sections  and  reverse-transcribed  as  described  in  the 
"Matenals  and  Methods"  section.  In  order  to  assess  the  quality  of  the  resulting  cDNAs,  PCR  was  performed 
using  primers  recognizing  the  ubiquitously  expressed  gene,  GAPDH.  Similar  GAPDH  signals  were  obtained  in 
all  samples,  indicating  a  similar  quality  of  all  cDNA  samples  (data  not  shown). 

Relative  expression  of  ERC4  mRNA  in  matched  normal  and  breast  tumor  tissues 
A  recently  described  triple-primer  PCR  assay  (TP-PCR  assay)  was  used  to  compare  the  relative  expression  of 
ERC4  mRNA  between  adjacent  normal  and  tumor  components  (20,  23).  In  this  assay,  three  primers  are  used 
sunultaneously  during  the  PCR:  the  upper  primer  is  able  to  recognize  both  WT-ER  and  ERC4  cDNA  sequences 
whereas  the  two  lower  primers  are  specific  for  each  cDNA.  Competitive  amplification  of  two  PCR  products 
occurs,  giving  a  final  PCR-product  ratio  related  to  the  initial  input  of  target  cDNAs.  This  approach  has  been 
validated  previously  both  by  competitive  amplification  of  spiked  cDNA  preparations  (20)  and  by  comparison  to 
RNase  protection  assays  (23).  As  shown  Fig.  lA,  two  main  PCR  products  were  obtained,  that  migrated  at  the 
apparent  size  of  149  bp  and  536  bp.  These  products  have  been  shown  to  correspond  to  WT-ER  and  ERC4 
mRNAs,  respectively  (23).  One  should  note  the  presence,  in  samples  where  WT-ER  and  ERC4  signals  are  high 
(see  Fig.  1,  lane  5),  of  several  additional  bands,  one  of  which  has  been  previously  identified  as  corresponding  to 
exon  2-duplicated  ER-a  variant  cDNA  (23).  The  presence  of  these  minor  PCR  products  did  not  interfer  with  the 
quantitative  aspect  of  the  TP-PCR  assay  (23).  For  each  case,  the  mean  of  the  ratios  obtained  in  at  least  three 
independent  PCR  experiments,  expressed  in  arbitrary  units,  is  shown  for  both  normal  and  tumor  compartments 
(Fig.  2A).  A  general  trend  toward  a  higher  clone  4  mRNA  relative  expression  in  the  tumor  compartment  was 
observed  (12  out  of  18  cases,  p=0.47,  Wilcoxon  signed  rank  test).  When  considering  only  the  ER  positive/PR 
positive  subset  (n=9),  as  measured  by  the  ligand  binding  assay,  a  statistically  higher  ERC4  mRNA  relative 

expression  was  found  in  the  neoplastic  components,  as  compared  to  matched  adjacent  normal  tissues  (p=0.019, 
Wilcoxon  signed  rank  test). 
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Relative  expression  of  ERD3  mRNA  in  matched  normal  and  breast  tumor  tissues 
A  PCR  assay,  performed  using  primers  annealing  to  sequences  in  exon  2  and  4,  was  used  to  investigate  ERD3 
mRNA  expression  relative  to  WT-ER  in  these  18  matched  cases.  We  and  others  have  previously  shown  that  the 
co-amplification  of  WT-ER  and  an  exon-deleted  ER-a  variant  cDNA,  resulted  in  the  amplification  of  two  PCR 
products,  the  relative  signal  intensity  of  which  provided  a  previously  validated  measurement  of  exon-deleted  ER- 
a  variant  expression  (18,  24).  Two  PCR  products,  that  migrated  with  an  apparent  size  of  354  bp  and  237  bp, 
were  obtained  (Fig.  IB).  These  fragments  were  shown  by  subcloning  and  sequencing  to  correspond  to  WT-ER 
and  ERD3  mRNAs  (data  not  shown).  The  relative  ERD3  signal  was  measurable  in  the  normal  and  the  tumor 
compartments  of  13  cases  (see  Fig.  2B).  Out  of  these  13  cases,  ERD3  mRNA  expression  was  higher  in  the 
normal  compartment  of  10  cases.  This  difference,  however,  did  not  reach  statistical  significance  (p=0.057, 
Wilcoxon  signed  rank  test).  A  significantly  higher  expression  of  ERD3  mRNA  in  the  normal  compared  to  the 
adjacent  neoplastic  components  was  found  when  only  the  ER  positive  subset  was  considered  (n=8,  p=0.023, 
Wilcoxon  signed  rank  test). 

Relative  expression  of  £RD5  mRNA  in  matched  normal  and  breast  tumor  tissues 
Using  primers  annealing  to  sequences  in  exon  4  and  6  of  WT-ER,  we  also  investigated  the  relative  expression  of 
ERD5  mRNA  in  these  18  matched  cases.  Two  PCR  products  were  obtained,  that  migrated  at  an  apparent  size  of 
483  bp  and  344  bp  and  that  have  previously  been  shown  to  correspond  to  WT-ER  and  ERD5  cDNAs, 
respectively  (Fig.  1C).  As  shown  in  Fig.  2C,  a  statistically  significant  higher  relative  expression  of  ERD5 
mRNA  was  observed  in  tumor  components  when  this  expression  was  measurable  in  both  normal  and  adjacent 
tumor  tissues  (n=15,  p=0.035,  Wilcoxon  signed  rank  test). 


Discussion 

The  expression  of  ERC4,  ERD3  and  ERD5  variant  mRNAs  relative  to  WT-ER  mRNA  expression  within 
adjacent  normal  and  neoplastic  human  breast  tissues  was  investigated  using  previously  described  semi- 
quantitative  RT-PCR  assays  (18,  20,  23,  24).  These  assays  allow  the  determination  of  the  expression  of  ER-a 
variant  mRNA  relative  to  WT-ER  mRNA  using  a  very  small  amount  of  starting  material,  and  offer  the  advantage 
of  allowing  investigators  to  work  with  histopathologically  well  characterized  human  breast  tissue  regions.  One 
should  note  however  that  the  sensitivities  of  the  assays  used  in  this  study  differed  from  each  other.  The  TP-PCR 


Leygue  et  al. 


8- 


assay,  previously  set  up  to  allow  the  determinaUon  of  ERC4  relative  expression  in  tumor  samples  with  very  low 
ER  levels,  as  measured  by  ligand  binding  assay,  gave  a  measurable  value  of  expression  in  36  out  of  the  36 
samples  studied.  This  contrasts  with  the  detecdon  of  30  out  of  36  and  33  out  of  36  obtained  using  ERD3 

specific  and  ERD5  specific  primers,  respectively.  These  differences  in  sensitivity  probably  result  from  different 
primer  set  efficiencies  under  our  experimental  conditions. 

A  trend  towards  a  higher  ERC4  ttiRNA  relative  expression  in  tumor  components  compared  to  the  normal 
adjacent  tissue  component  has  been  observed  in  the  cohort  studied  (12  out  of  18  cases).  This  difference  reached 
statistical  significance  when  considering  the  ER  posiUve/PR  positive  subgroup  (n=9,  p=  0.019).  This  result  is  in 
agreement  with  our  previous  data  obtained  by  comparing  ERC4  mRNA  expression  between  independent  normal 
reduction  mammoplasty  samples  and  a  group  of  ER  positiveff>R  positive  breast  tumors  (20).  The  absence  of 
statistically  significant  differences  when  considering  the  total  cohort  in  the  present  study  may  result  from  the  low 
number  of  matched  cases  studied  or  to  the  different  biology  of  ER  negative  cases.  Further  smdies  are  needed  to 
clanfy  this  issue.  ERC4  variant  mRNA  has  been  previously  shown  to  be  more  highly  expressed  in  ER  posiUve 
tumors  showing  poor  prognostic  characterisUcs  (presence  of  more  than  4  axillaiy  lymph  nodes,  tumor  size  >2 
cm,  aneuploid,  high  %  S-phase  cells)  than  in  ER  positive  tumor  with  good  prognostic  characteristics  (absence  of 
axillary  lymph  node,  tumor  size  <  2  cm,  diploid,  low  %  S-phase  cells)  (25).  Moreover,  in  this  previous  study, 
an  higher  ERC4  mRNA  expression  has  also  been  observed  in  ER  positiveff-R  negative  tumors,  as  compared  to 
ER  positiveffiR  positive  tumors  (25).  Interestingly  we  also  have  recently  reported  similar  levels  of  expression  of 
ERC4  mRNA  in  primao-  breast  tumors  and  their  concurrent  axillaiy  lymph  node  metastases  (23).  Taken 
together,  these  data  suggest  that  the  putative  role  of  the  ERC4  variant  protein  might  be  important  in  the  earliest 
phases  of  breast  tumorigenesis  rather  than  in  the  later  stages  of  breast  cancer  progression.  Transient  expression 
assays  revealed  that  the  protein  encoded  by  ERC4  mRNA  was  unable  to  activate  the  transcription  of  an  ERE- 
teporter  gene  or  to  modulate  the  wild-type  ER  protein  activity  (19).  The  biological  significance  of  the 
observed  in  ERC4  mRNA  expression  during  breast  tumorigenesis  remains  therefore  unclear. 

A  trend  towards  a  higher  relative  expression  of  ERD3  mRNA  in  the  normal  breast  tissue  components  compared 
to  adjacent  neoplastic  tissue  was  found  (10  out  of  13  cases),  which  reached  statistical  significance  when  the  ER 
positive  subgroup  was  only  considered.  These  data  are  in  agreement  with  the  recently  published  report  of 
Erenburg  et  al.  who  showed  a  decreased  relative  expression  of  ERD3  mRNA  in  neoplastic  breast  tissues  and 
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breast  cancer  compared  with  independent  reduction  mammoplasty  and  breast  tumor  (21),  Transfection 
experiments  performed  by  these  investigators  showed  that  the  activation  of  the  transcription  of  the  pS2  gene  by 
estrogen  was  drasticaUy  reduced  in  the  presence  of  increased  ERD3  expression.  Moreover,  ERD3  transfected 
MCF-7  cells  had  a  reduced  saturation  density,  exponential  growth  rate  and  in  vivo  invasiveness,  as  compared  to 
control  cells.  These  data  led  the  authors  to  hypothesize  that  the  reduction  of  ERD3  expression  could  be  a  pre¬ 
requisite  for  breast  carcinogenesis  to  proceed.  They  suggested  that  if  high  levels  of  ERD3  could  attenuate 
estrogenic  effects  in  normal  breast  tissue,  low  levels  might  lead  to  an  excessive  and  unregulated  mitogenic  action 
of  estrogen. 

We  observed  a  significantiy  higher  relative  expression  of  ERD5  mRNA  in  breast  tumor  components  compared  to 
matched  adjacent  normal  breast  tissue.  These  data  confirm  our  previous  observations  performed  on  non-matched 
normal  and  neoplastic  human  breast  tissues,  Upregulated  expression  of  this  variant  has  already  been  reported  in 
ER  negative/PR  positive  tumors,  as  compared  to  ER  positive/PR  positive  tumor  (16,  26),  suggesting  a  possible 
correlation  between  ERD5  mRNA  expression  and  breast  tumor  progression.  Interestingly,  ERD5  mRNA  can  be 
detected  in  human  pituitary  adenomas  but  not  in  normal  pituitary  samples  (27).  This  underscores  the  putative 
involvment  of  this  ER  variant  in  other  tumor  systems.  Eventhough  it  has  been  suggested  that  ERD5  could  be 
related  to  the  acquisition  of  insensitivity  to  antiestrogen  treatment  (i.e  Tamoxifen)  (28,  29),  accumulating  data 
refute  a  general  role  for  ERD5  in  hormone-resistant  tumors  (15,  30-32).  Only  ER  positive  pS2  positive 
tamoxifen  resistant  tumors  were  shown  to  express  significantly  higher  levels  of  ERD5  mRNA,  as  compared  to 
control  tumors  (32).  Taken  together,  these  data  suggest  that  the  exact  biological  significance  of  ERD5  variant 
expression  during  breast  tumorigenesis  and  breast  cancer  progression,  if  any,  remains  unclear. 

Among  all  the  articles  published  so  far  on  ER  variant  expression,  only  a  few  have  investigated  expression 
between  matched  samples.  Recently,  Okada  et  al.  reported  such  a  study  performed  on  15  cases.  They  observed 
an  apparent  difference  in  ER  variant  mRNA  expression  between  adjacent  normal  and  tumor  samples  (33). 
However,  this  study  was  performed  using  a  less  sensitive  PCR  approach,  as  PCR  products  were  stained  using 
ethidium  bromide,  and  no  attempt  was  made  to  quantify  ER  variant  mRNA  expression  relative  to  WT-ER  mRNA 
expression. 

In  conclusion,  we  have  shown  that  the  relative  expression  of  ERC4  and  ERD5  variant  mRNAs  was  increased  in 
human  breast  tumor  tissue,  as  compared  to  normal  adjacent  tissue,  whereas  the  expression  of  ERD3  variant 
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mRNA  was  decreased  in  breast  trnnnr  tissues.  These  results,  which  confitm  previous  data  obtained  on 
independent  human  breast  tissue  samples,  suggest  that  the  dereguIaUon  of  the  expression  of  several  ER-a  variant 
mRNAs  occurs  during  human  breast  tumorigenesis.  Whether  or  not  a  functional  role  of  altered  ER-a  variant 
expression  is  involved  in  the  mechanisms  underlying  breast  tumorigenesis  remains  to  be  deteimined. 
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Figures  legend 

Fig.  1 

Detection  of  ERC4,  ERD3  and  ERD5  variant  mRNAs  in  matched  human  breast  samples.  Total  RNA 
extracted  from  frozen  tissue  sections  from  tumor  (T)  and  adjacent  normal  (N)  breast  tissue  samples  was  reverse 
transcnbed  and  PCR  amplified  as  described  in  the  "Materials  and  Methods"  section  :  ERU,  ERL  and  C4L 
primers  (A),  D3U  and  DSL  primers  (B),  and  D5U  and  D5L  primers  (C).  Radioactive  PCR  products  were 
separated  on  a  6%  acrylamide  gel  and  visualized  by  autoradiography.  Bands  migrating  at  149  bp,  354  bp  and 
483  bp  (A,  B,  C),  536  bp  (A),  237  bp  (B)  and  344  bp  (C)  were  identified  as  corresponding  to  WT-ER  (A,  B, 
C),  ERC4  (A),  ERD3  (B)  and  ERD5  (C)  variant  mRNAs,  respectively.  M:  Molecular  weight  marker  ((t)xl74 
Haem  digest,  Gibco  BRL,  Grand  Island,  NY).  C,  no  cDNA  added  during  the  PCR  reaction. 

Fig.  2 

Comparison  of  the  relative  expression  of  ERC4,  ERD3,  and  ERD5  variant  mRNAs  between  breast 
tumor  and  adjacent  matched  normal  breast  samples.  Total  RNA  extracted  from  tumor  (black  columns)  and 
matched  normal  (white  columns)  breast  tissue  samples  from  18  cases  was  reverse  transcribed  and  PCR  amplified 
as  described  in  the  "Materials  and  Methods"  section  using:  ERU,  ERL  and  C4L  primers  (A),  D3U  and  D3L 
primers  (B),  and  D5U  and  D5L  primers  (C).  For  each  case  (1-18),  signals  corresponding  to  ERC4  (ERC4  rel), 
ERD3  (ERD3  rel)  and  ERD5  (ERD5  rel)  variant  mRNAs  were  quantified  as  described  in  "Materials  and 
Methods"  and  expressed  in  arbitrary  units  for  both  components.  For  each  sample,  the  mean  of  at  least  three 
different  PCR  assays  is  indicated.  Samples  not  depicted  faUed  to  have  three  measurable  signals  in  the  four 
expenments  performed.  Cases  are  sorted  by  ER  status  (black  bottom  lane,  negative:  -  ,  or  positive:  +  )  and  PR 
status  (gray  bottom  lane,  negative:  -  ,  or  positive:  +  ).  The  significance  of  the  differences  between  tumor  and 

normal  matched  components  within  each  subgroup,  as  tested  using  the  Wilcoxon  matched  pair  test,  is  indicated 
when  p  values  are  lower  than  0.05. 
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Abstract.  When  the  level  of  estrogen  receptor  (ER)-p  mRNA  in  tumors,  determined  by 
reverse  transcription  polymerase  chain  reaction,  was  assessed  according  to  either  ER  status 
or  PR  status  alone,  determined  by  ligand  binding  assays,  the  level  of  ER-p  mRNA  was 
significantly  lower  in  PR+  tumors  compared  to  PR  -  tumors  (p=0.036)  and  no  association  with 
ER  status  was  found.  Subgroup  analysis  showed  that  ER-p  mRNA  expression  in  ER+/PR+ 
breast  tumors  was  significantly  less  than  in  ER+/PR-  (p=0.009),  ER-ZPR-i-  (p=0.029)  and  ER- 
/PR-  (p=0.023)  groups.  Interestingly,  the  ER-p  mRNA  expression  was  specifically  decreased 
by  progestin  in  T-47D  breast  cancer  cells.  The  data  suggest  the  possibility  that  expression  of 
ER-p  in  human  breast  tumors  is  a  marker  of  endocrine  therapy  responsiveness. 

Introduction. 

Both  estrogen  and  antiestrogen  can  mediate  transcriptional  activity  via  the  recently 
identified  estrogen  receptor-p  (ER-p)  (1-3).  Recently  we  have  shown  the  presence  of  ER- 
P  mRNA  in  both  normal  and  neoplastic  human  breast  tissues  (4,  5).  Furthermore,  the  relative 
expression  of  ER-cx  and  ER-p  mRNA  changes  between  normal  human  breast  tissues  and  their 
concurrent  matched  ER+  breast  tumors  (6),  suggesting  that  altered  expression  of  ER-a  and 
ER-p  occurs  and  may  be  functionally  involved  in  breast  tumorigenesis.  Interestingly,  it  also 
appeared  that  the  level  of  ER-p  mRNA  varied  amongst  breast  tumors  but  was  not  correlated 
with  the  expression  of  ER-oc  (4),  although  the  two  receptor  mRNAs  were  often  coexpressed  in 
the  same  tumor.  These  observations  raised  the  question  of  whether  the  expression  of  ER-p  in 
breast  tumors  was  correlated  with  known  prognostic  and  endocrine  treatment  response 
markers.  In  this  study  the  relationship  of  ER-p  mRNA  expression  to  ER  and  PR  status  as 
determined  by  ligand  binding  analysis  was  investigated. 
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Materials  and  Methods. 

Materials.  All  cell  culture  reagents  were  obtained  from  Life  Technologies  (Burlington,  Ontario). 
Medroxyprogesterone  acetate  (MPA)  and  dexamethasone  were  purchased  from  Sigma  (St 
Louis,  Missouri).  R5020  and  Org  2058  were  purchased  from  Amersham  (Oakville,  Canada). 
RU  486  was  a  gift  from  Roussel  Uclaf  (Romainville,  France).  (a-32p)  dCTP  was  purchased 
from  ION  (Montreal,  Que). 

Human  Breast  Tumors. 

Forty  invasive  ductal  carcinomas  were  selected  from  the  NCIC-Manitoba  Breast  Tumor 
Bank  (Winnipeg,  Manitoba,  Canada).  The  cases  were  selected  for  ER  and  PR  status  as 
determined  by  ligand  binding  assays.  Ten  tumors  were  classified  as  ER+/PR+  (ER  range  50  < 
127  fmol/mg  protein,  PR  range  105  -  285  fmol/mg  protein);  10  tumors  were  classified  as 
ER+/PR-  (ER  range  59  -  156  fmol/mg  protein,  PR  range  5-10  fmol/mg  protein);  10  tumors 
were  ER-/PR-  (ER  range  0-2  fmol/mg  protein,  PR  range  0-10  fmol/mg  protein);  10  tumors 
were  classified  as  ER-/PR+  (ER  range  5  -  9  fmol/mg  protein,  PR  range  51  -  271  fmol/mg 
protein).  These  tumors  spanned  a  wide  range  of  grade  (grade  4  to  9),  determined  using  the 
Nottingham  grading  system. 

Cell  culture. 

T-47D  human  breast  cancer  cells  were  obtained  from  Dr.  D.  Edwards  (Denver, 
Colorado).  The  cells  were  grown  in  DMEM  supplemented  with  5%  fetal  bovine  serum,  100  nM 
glutamine,  0.3%  (v/v)  glucose  and  penicillin/streptomycin  as  previously  described  (7).  Cells 

were  plated  at  1  x  10®  in  100  mm  dishes  and  2  days  later  treated  as  indicated  in  the  text.  The 
steroids  and  other  compounds  were  added  directly  from  1 000  x  stock  solutions  in  ethanol  to 
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achieve  the  concentrations  indicated.  The  cells  were  harvested  at  the  times  indicated  by 
scraping  with  a  rubber  policeman.  After  centrifugation  the  cell  pellet  was  frozen  and  stored  at 
-70OC  until  RNA  was  isolated. 

RNA  Extraction  and  RT-PCR  conditions. 

Total  RNA  was  extracted  from  20  |xm  frozen  tissue  sections  (5  sections  per 
tumor)  or  frozen  cell  pellets  using  Trizol™  reagent  (Life  Technologies,  NY)  according  to  the 
manufacturer's  instructions.  One  pg  of  total  RNA  was  reverse  transcribed  in  a  final  volume  of 
25  pi  as  previously  described  (4). 

The  primers  used  consisted  of  ER-p-U  primer  (5'-GTCCATCGCCAGTTATCACATC-3’: 
sense;  located  in  ER-p  130-151)  and  ER-p-L  primer  (5'-GCCTTACATCCTTCACACGA-3'; 
antisense:  located  in  ER-P  371-352).  Nucleotide  positions  given  correspond  to  published 
sequences  of  the  human  ER-p  cDNA  (2).  PCR  amplifications  were  performed  and  PCR 
products  analyzed  as  previously  described  with  minor  modifications  (4).  Briefly,  1  pi  of  reverse 
transcription  mixture  was  amplified  in  a  final  volume  of  15  pi,  in  the  presence  of  1 .5  pCi  (a-32p) 
dCTP  (3000  Ci/mmol),  4  ng/pl  of  ER-p-U/ER-p-L  and  0.3  units  of  Taq  DNA  polymerase  (Life 
Technologies,  NY).  Each  PCR  consisted  of  30  cycles  (30  sec  at  94°C,  30  sec  at  60°C  and  30 
sec  at  72°C).  PCR  products  were  then  separated  on  6%  polyacrylamide  gels  containing  7M 
urea.  Following  electrophoresis,  the  gels  were  dried  and  autoradiographed.  Amplification  of  the 
ubiquitously  expressed  glyceraldehyde-3-phosphate  dehydrogenase  {GAPDH  )  cDNA  was 
performed  in  parallel  and  PCR  products  separated  on  agarose  gels  stained  with  ethidium 
bromide  as  previously  described  (4).  PCR  products  were  subcloned  and  sequenced  as 
previously  described  (4). 

Quantification  and  Statistical  Analysis. 

Quantification  of  signals  was  carried  out  by  excision  of  the  band  corresponding  to  ER-p 
cDNA,  addition  of  scintillant  and  scintillation  counting.  Three  independent  PCRs  were 
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performed.  In  order  to  control  for  variations  between  experiments,  a  vaiue  of  100%  was 
assigned  to  the  case  exhibiting  the  highest  signai  measured  and  all  signals  were  expressed  as 
a  percentage  of  this  signal.  In  parallel,  GAPDH  cDNA  was  amplified  and  following  analysis  of 
PCR  products  on  prestained  agarose  gels,  signals  were  quantified  by  scanning  using  NIH 
Image  161/ppc  software.  Each  GAPDH  signal  was  also  expressed  as  a  percentage  of  the 
highest  signal  observed  in  the  experiment.  Two  independent  PCRs  were  performed.  For  each 
sample,  the  average  of  the  ER-p  signal  was  then  expressed  as  a  percentage  of  the  average 
GAPDH  signal.  The  statistical  significance  of  any  differences  of  the  mean  ER-p  mRNA  level 
between  groups  was  determined  using  the  Mann-Whitney  test  (two-tailed). 

Results. 

Measurement  of  ER-p  mRNA  expression  in  primary  human  breast  tumors  with  different 
ER  and  PR  status.  Previous  data  have  suggested  that  the  level  of  ER-p  mRNA  varied  widely 
in  human  breast  tumor  samples  (4),  which  raised  the  question  of  whether  the  expression  of 
ER-P  in  breast  tumors  was  correlated  with  the  known  prognostic  and  treatment  response 
variables,  ER  and  PR  status.  Four  groups,  containing  10  breast  tumor  samples  each,  were 
identified  according  to  their  ER/PR  status  as  defined  by  ligand  binding  analysis  (see  Materials 
and  Methods).  ER-p  mRNA  levels  were  measured  by  RT-PCR  and  normalized  to  the  GAPDH 
mRNA  level  as  measured  in  parallel  by  RT-PCR.  The  primers  used  in  this  analysis  are  located 
In  exons  1  and  2  (Fig  1A)  of  the  human  ER-p  gene  (2,  8),  and  would  therefore  measure  the 
wild  type  human  ER-p  mRNA  and  all  ER-p  mRNA  variants  so  far  documented  (5,  9,  10). 
Examples  of  the  results  obtained  are  shown  in  Figure  IB.  The  results  obtained  for  all  tumors 
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assayed  are  shown  in  Figure  1C  arranged  in  groups  according  to  the  ER/PR  status  of  the 
tumor  as  measured  by  ligand  binding  analysis. 

The  ievel  of  ER-p  mRNA  in  ER+/PR+  breast  tumors  was  significantly  less  than  in  ali 
other  groups  (see  Table  1),  with  no  significant  differences  seen  amongst  the  ER+/PR-,  ER- 
/PR+  or  ER-/PR-  groups.  When  the  level  of  ER-p  mRNA  in  tumors  was  assessed  according  to 
either  ER  status  or  PR  status  alone,  as  defined  by  iigand  binding  anaiysis,  the  ievel  of  ER-p 
mRNA  was  significantly  lower  in  PR+  tumors  compared  to  PR  -  tumors  (Table  1,  G  vs  H,  p  = 

0.036),  with  no  significant  differences  associated  with  ER  status  alone  (Table  1 ,  E  vs  F,  p 
=0.323). 

Spearman  correlation  analysis  showed  no  significant  correlations  of  the  level  of  ER-p 
mRNA  with  grade,  age,  nodal  status,  or  the  percentage  of  normal  duct  and  lobular  epithelium, 
stromal  or  fat  cell  content  within  the  tissue  section  analyzed.  However,  an  inverse  relationship 
was  found  when  the  level  of  ER-p  mRNA  was  correlated  with  the  absolute  level  of  PR  as 
measured  by  ligand  binding  analysis  (r  =  -0.31,  p  =  0.052),  consistent  with  the  data  when 
analyzed  using  clinically  relevant  cut-off  values  for  both  ER  and  PR  status  as  shown  above. 
Regulation  of  steady  state  levels  of  ER-p  mRNA  by  progestins  in  T-47D  human  breast 
cancer  cells.  The  relationship  of  the  level  of  ER-p  mRNA  levels  with  PR  status  in  human 
breast  tumor  biopsies  suggested  the  hypothesis  that  ER-p  expression  may  be  regulated  by 
progestins.  This  hypothesis  was  investigated  using  the  PR+  T-47D  human  breast  cancer  cell 
line  In  culture.  The  steady  state  level  of  ER-p  mRNA  was  found  to  decrease  following 
treatment  with  10  nM  MPA  (Figure  2A).  A  significant  decrease  was  observed  at  6  hours 
following  MPA  treatment,  and  the  levels  remained  decreased  for  up  to  48  hours  after 
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treatment.  The  effect  of  MPA  on  the  steady  state  levels  of  ER-p  mRNA  in  T-47D  cells  was  first 
seen  with  1  nM  of  MPA  and  was  maximal  between  10  -  100  nM  MPA  (Figure  2B).  The 
progestin  specificity  of  this  response  was  assessed  by  treating  T-47D  cells  for  24  hours  with 
MPA,  Org  2058,  dexamethasone  and  the  antiprogestin  RU  486  (Figure  3A  &  3B).  Both  10  nM 
MPA  and  10  nM  of  the  synthetic  progestin  Org  2058  significantly  decreased  the  steady  state 
levels  of  ER-P  mRNA,  while  little  if  any  effect  was  observed  with  100  nM  of  the  synthetic 
glucocorticoid,  dexamethasone.  Five  hundred  nM  of  the  antiprogestin/antiglucocorticoid  RU 
486  had  little  if  any  effect  by  itself,  but  inhibited  the  down-regulation  by  10  nM  MPA  on  the  ievel 
of  ER-p  mRNA.  it  was  concluded  that  progestins  can  down-regulate  the  steady  state  levels  of 
ER-p  mRNA  and  that  an  antiprogestin  can  inhibit  this  effect  in  T-47D  human  breast  cancer 
cells. 

Discussion. 

It  was  previously  documented  that  the  level  of  ER-p  mRNA  expression  in  human  breast 
tumors  varied  widely  (4,  8).  This  raised  the  question  of  whether  the  expression  of  ER-p  in 
breast  tumors  was  correlated  with  known  prognostic  and  treatment  response  markers.  The 
measurement  of  both  estrogen  and  progesterone  receptors  in  human  breast  biopsies  is 
routinely  used  to  provide  both  prognostic  and  treatment  response  information  (11).  Since  ER-p 
is  structuraliy  and  functionally  related  to  ER-a  (1-3,  12)  it  was  relevant  to  determine  if  the 
expression  of  ER-p  was  related  to  the  ER  and  PR  status  of  the  tumor  as  defined  by  ligand 
binding  assays.  Our  anaiysis  established  that  the  expression  of  ER-p  mRNA  was  inversely 
correlated  with  PR  status  generaliy.  Although  there  was  no  significant  correlation  between  ER- 
P  mRNA  levels  and  ER  status  overall,  a  significant  difference  in  ER-P  mRNA  levels  in  those 
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tumors  which  were  ER+PR+  (lowest  expression)  and  those  tumors  which  were  ER-PR+ 
(higher  expression)  was  observed.  This  could  be  interpreted  to  mean  that  both  ER  status  and 
PR  status  could  influence  ER-p  mRNA  expression.  However,  the  differences  observed  could 
also  be  explained  by  the  significant  difference  in  the  absolute  level  of  PR  expression  between 
the  two  groups  (PR  levels  determined  by  ligand  binding  assays  expressed  as  mean  +  SEM, 
190  +  24  fmol/mg  protein  versus  97  ±  21  fmol/mg  proteins,  in  ER+PR+  and  ER-PR+  groups, 
respectively).  This  would  be  consistent  with  the  inverse  correlation  that  was  seen  with  ER-p 

mRNA  and  the  absolute  levels  of  PR  determined  by  ligand  binding  analysis,  considering  all 
groups  together. 

These  data  suggested  the  possiblity  that  the  expression  of  ER-p  may  be  regulated  by 
progestins.  In  T-47D  cells  which  express  ER-a,  ER-p  and  PR,  the  steady  state  level  of  ER-p 
mRNA  was  specifically  decreased  by  progestin  treatment  in  a  time  and  dose  dependent 
manner.  Our  data  support  the  hypothesis  that  the  progestin  effect  is  mediated  by  PR,  however, 
our  data  do  not  address  whether  this  occurs  via  a  transcriptional  or  post-transcriptional 
mechanism.  Interestingly,  progestins  are  known  to  also  decrease  the  steady  state  levels  of 
ER-a  mRNA  and  protein  in  T-47D  cells  (13).  Therefore.  PR  Is  able  to  regulate  the  expression 
of  both  ER-aandER-p  in  human  breast  cancer  cells  in  a  similar  fashion.  However,  the 
Interaction  of  PR  and  the  two  distinct  ERs  is  likely  to  be  different.  It  has  been  well  documented 
that  there  is  a  general  positive  correlation  between  ER  and  PR  levels  as  determined  by  ligand 
binding  assays  in  human  breast  tumors  (11).  ER  status  as  determined  by  ligand  binding 
correlates  well  with  both  immunological  detection  of  the  ER-a  protein  (14)  and  ER-a  mRNA 
detection  (15).  Such  data  together  with  other  studies  (6)  suggest  that  the  ER  level  in  breast 
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tumors  as  determined  by  ligand  binding  in  most  cases  is  due  to  ER-a.  Furthermore,  ER-p 
mRNA  is  the  predominant  ER  mRNA  In  MDA  MB  231  human  breast  cancer  cells  (4)  and  these 
cells  are  known  to  be  ER  negative  by  ligand  binding  assay  providing  further  evidence  for  the 
lack  of  interference  of  ER-p  expression  in  the  determination  of  ER  status  by  ligand  binding 
assay  in  the  majority  of  human  breast  tumors.  Interestingly,  a  significant  level  of  ER-p-like 
mRNA  in  human  breast  cancer  cell  lines  and  possibly  therefore  breast  tumors  may  be 
represented  by  exon  8  deleted  variants  (10)  which  most  likely  encode  non-estrogen  binding 
ER-p  variant  proteins,  which  could  not  contribute  to  ER  ligand  binding  assays.  Therefore,  the 
available  data  suggest  that  the  previously  observed  positive  correlation  of  ER  and  PR  in 
human  breast  tumors  is  due  to  ER-a  expression,  underscoring  the  difference  in  the 
relationship  of  ER-a  and  ER-p  with  PR  in  human  breast  cancer  tissue. 

Our  data  are  the  first  to  identify  a  correlation  between  ER-p  mRNA  expression  and  a 
known  prognostic  and  treatment  response  marker  in  human  breast  cancer  biopsies.  The 
inverse  relationship  between  PR  (a  good  prognostic  variable  and  a  marker  of  response  to 
endocrine  therapies)  and  ER-p  suggests  that  although  ER-P  Is  often  downregulated  in  human 
breast  tumors  compared  to  normal  human  breast  tissue  (6),  its  maintainance  and/or  increased 
expression  In  some  breast  tumors  may  correlate  with  a  poorer  prognosis  and  the  likelihood  of 
failure  of  response  to  endocrine  therapies  such  as  antiestrogens.  This  remains  to  be  tested  in 
samples  of  breast  tumors  from  patients  known  to  have  responded  or  not  to  have  responded  to 
endocrine  therapies,  in  clinical  trials.  Furthermore,  a  functional  involvement  of  ER-p  in  this 
phenotype  remains  to  be  determined.  Interestingly,  although  no  agonist  activity  of  tamoxifen¬ 
like  antiestrogens  can  be  measured  through  ER-p  In  a  recombinant  expression  system  using 
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transient  transfection  and  a  classical  ERE-reporter  gene  (3),  all  classes  of  antiestrogens  bound 
to  ER-p  result  in  the  transcriptional  activation  of  AP-1  driven  reporter  genes,  again  in  a 
transient  recombinant  model  system  (12).  Since  AP-1  regulated  genes  are  often  associated 
with  growth  and  proliferation  (16-18)  it  is  tempting  to  speculate  that  increased  expression  of 
ER-p  in  human  breast  tumors  could  play  a  role  in  tamoxifen  resistance,  in  the  small  number  of 
tumors  that  appear  to  proliferate  in  response  to  tamoxifen  (1 9,  20). 
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Legends  to  Figures. 

Figure  1. 

A.  Schematic  diagram  of  the  human  ER-p  cDNA  showing  the  priming  sites  of  the  upper  and 
lower  primers  used  for  the  analysis  of  ER-p  mRNA  by  RT-PCR. 

B.  Expression  of  ER-p  mRNA  in  human  breast  tumor  biopsy  samples  according  to  ER  and 
PR  status  determined  by  ligand  binding  assay.  The  top  panel  shows  an  autoradiogram  of 
the  RT-PCR  assays  for  ER-p  mRNA  obtained  from  representative  samples  of  tumors 
which  were  classifed  as  ER+/PR+,  ER+/PR-,  ER-/PR+  and  ER-/PR-  as  described  in 
Materials  and  Methods.  The  bottom  panel  shows  the  ethidium  bromide  stained  gel  of  the 
RT-PCR  analysis  of  GAPDH  mRNA  run  in  parallel  for  the  same  samples. 

C.  Quantification  of  ER-P  mRNA  expression  within  human  breast  tumors  classified  according 
to  ER  and  PR  status  as  determined  by  ligand  binding  assay.  Total  RNA,  extracted  from  the 
tumors,  was  reverse  transcribed,  PCR  amplified  and  PCR  products  were  separated  on 
acrylamide  gel  as  described  in  "Materials  and  Methods".  Signals  have  been  quantified  and 
normalized  as  indicated  in  the  "Materials  and  Methods"  section.  ER+/PR+  tumors  are  black 
circles;  ER-i-ZPR-  tumors  are  open  circles;  ER-/PR+  tumors  are  black  squares;  ER-/PR- 
tumors  are  open  squares.  The  horizonal  line  represents  the  median  value  in  each  group. 

Figure  2. 

A.  Time  dependent  downregulation  of  ER-p  mRNA  expression  in  T-47D  human  breast  cancer 
cells.  The  top  panel  shows  an  autoradiogram  of  ER-p  mRNA  levels  determined  by  RT-PCR 
after  treatment  with  1 0  nM  MPA  for  the  indicated  time  periods.  The  middle  panel  shows  the 
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the  ethidium  bromide  stained  gel  of  the  RT-PCR  analysis  of  GAPDH  mRNA  run  in  parallel 
for  the  same  samples.  The  bottom  panel  shows  the  results  presented  as  a  histogram  after 
quantification  and  normalization  of  the  ER-p  signal  as  described  in  the  Materials  and 

Methods.  This  experiment  was  replicated  twice. 

B.  Dose  dependent  downregulation  of  ER-P  mRNA  expression  in  T-47D  human  breast  cancer 
cells.  The  top  panel  shows  an  autoradiogram  of  ER-p  mRNA  levels  determined  by  RT- 
PCR  after  treatment  with  vehicle  alone  (V)  and  varying  concentrations  of  MPA  for  24 
hours.  The  middle  panel  shows  the  the  ethidium  bromide  stained  gel  of  the  RT-PCR 
analysis  of  GAPDH  mRNA  run  in  parallel  for  the  same  samples.  The  bottom  panel  shows 
the  results  presented  as  a  histogram  after  quantification  and  normalization  of  the  ER-P 

signal  as  described  in  the  Materials  and  Methods. 

Figures  . 

A.  Steroid  specificity  of  the  downregulation  of  ER-P  mRNA  expression  in  T-47D  human 
breast  cancer  cells.  The  top  panel  shows  an  autoradiogram  of  ER-p  mRNA  levels 
determined  by  RT-PCR  after  24  hours  of  treatment  with  vehicle  alone  (V),  10  nM  MPA,  10 
nM  Org2058  (ORG),  500  nM  RU  486  (RU)  and  10  nM  MPA  +  500  nM  Ru  486  (MPA+RU). 
The  middle  panel  shows  the  ethidium  bromide  stained  gel  of  the  RT-PCR  analysis  of 
GAPDH  mRNA  run  in  parallel  for  the  same  samples.  The  bottom  panel  shows  the  results 
presented  as  a  histogram  after  quantification  and  normalization  of  the  ER-P  signal  as 
described  in  the  Materials  and  Methods.  This  experiment  was  replicated  twice. 

B-  Steroid  specificity  of  the  downregulation  of  ER-P  mRNA  expression  in  T-47D  human 
breast  cancer  cells.  The  top  panel  shows  an  autoradiogram  of  ER-p  mRNA  levels 


-  16- 


determined  by  RT-PCR  after  24  hours  of  treatment  with  vehicle  alone  (V),  10  nM  MPA, 
and  10  nM  Dexamethasone  (DEX).  The  middle  panel  shows  the  ethidium  bromide  stained 
gel  of  the  RT-PCR  analysis  of  GAPDH  mRNA  run  in  parallel  for  the  same  samples.  The 
bottom  panel  shows  the  results  presented  as  a  histogram  after  quantification  and 
normalization  of  the  ER-p  signal  as  described  in  the  Materials  and  Methods. 
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Table  1 

Summary  of  ER-|3  mRNA  Levels  According  to  Steroid  Receptor  Status. 


ER/PR  Status 

Number* 

ER-pmRNA  Level  Statistical  Significance** 

(mean  ±_  S.E.M.) 

A.  ER+/PR+ 

10 

11  ±  7.2 

B.  ER+/PR- 

10 

45  ±  12 

A  vs  B,  p  =  0.009 

C.  ER-/PR+ 

10 

26  ±  6 

A  vs  C,  p  =  0.029 

D.  ER-/PR- 

10 

31  +.9.3 

A  vs  D,  p  =  0.023 

E.  ER-f 

20 

28  +  7.2 

F.  ER- 

20 

28  ±  5.4 

E  vs  F,  n.s. 

G.  PR+ 

20 

19  ±  3.5 

H.  PR- 

20 

38  ±  7.7 

G  vs  H,  p  =  0.036 

*,  number  of  tumors  per  group 
Mann-Whitney  test  (two  tailed) 


ER+/PR+  ER+/PR-  ER-/PR+  ER-/PR 
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Abstract 

A  triple  primer  polymerase  chain  reaction  assay  was  devloped,  based  on  the  co-amplification  of  estrogen  receptor 
beta  1  (ER-pl),  beta  2  (ER-p2)  and  beta  5  (ER-p5)  cDNAs,  to  investigate  the  relative  expressions  of  the 
corresponding  mRNAs  in  breast  cancer  lines  and  in  53  independent  breast  tumors.  The  expression  of  ER-P2  and 
ER-P5  mRNAs  was  higher  than  that  of  ER-pi  mRNA  in  both  cancer  cell  lines  and  breast  tumors.  An  increase 
in  the  ratio  of  ER^P2/ER-pl  and  ER-p5/ER-pl  mRNA  expression  was  observed,  that  positively  correlated 
with  the  level  of  tumor  inflammation  and  tumor  grade.  A  trend  towards  an  increase  of  these  ratios  was  also  found 
in  tumors,  as  compared  to  the  normal  adjacent  breast  tissue  available  for  13  cases.  Our  data  suggest  that  changes 
in  the  relative  expression  of  ER-pi,  ER-P2,  and  ER-p5  mRNAs  occur  during  breast  tumorigenesis  and  tumor 

progression. 

Introduction 

Estrogens  regulate  the  growth  and  the  development  of  normal  human  mammary  tissue  and  are  also  involved  in 
breast  tumor  progression  (1).  Indeed,  estrogens  are  thought  to  promote  the  growth  of  breast  tumors  through  their 
mitogenic  effects  on  breast  cancer  cells.  The  ability  of  anti-estrogens  such  as  tamoxifen  or  raloxifene  to  inhibit 
estrogenic  action  provides  the  basic  rationale  for  the  use  of  endocrine  therapies.  Estrogen  action  is  believed  to  be 
mediated  mainly  through  two  estrogen  receptors,  estrogen  receptor  alpha  (ER-a,  2)  and  estrogen  receptor  beta  1 
(ER-pi,  3, 4).  These  two  receptors,  that  are  encoded  by  two  different  mRNAs  containing  eight  exons  each  (5, 
6),  belong  to  the  steroid/thyroid/retinoic  acid  receptors  super-family  (7).  ER-a  and  ER-pi  share  the  same 
structural  and  functional  domain  composition  (8),  defined  as  region  A  to  F  (Fig.  1  A).  The  A-B  regions  contain 
the  N-terminal  transactivation  function  (AF-1)  of  the  receptors,  whereas  the  C  region  of  the  molecule  contains  the 
DNA  binding  domain.  The  ligand  binding  domain  as  well  as  the  second  transactivation  fimction  (AF-2)  are 
located  within  the  E  region  of  the  receptors.  The  receptors,  once  bound  to  the  ligand,  are  subject  to 
conformational  changes  that  result  in  complexes  containing  dimers  of  receptors/hormone  which  recognize 
estrogen  responsive  elements  located  upstream  of  target  genes.  Interactions  between  ERs  and  accessory  proteins 
ultimately  lead  to  the  modification  of  the  transcription  of  these  genes  (9).  The  ER-ligand  complexes  can  also 
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interact  with  c-fosic-jun  complexes  to  modify  the  transcription  of  target  genes  through  API  enhancer  elements 
(10,  11).  Differential  activation  of  ER-a  and  ER-|3l  by  the  antiestrogen  4-hydroxytamoxifen,  determined  by 
activation  of  ERE-regulated  reporter  genes  as  well  as  differential  activation  of  API -regulated  reporter  genes  by 
the  two  ERs  have  been  observed  (11, 12).  As  well,  since  heterodimerization  of  ER-a  and  ER-^l  has  also  been 
shown,  putative  cross-talk  between  the  two  signaling  pathways  is  possible  (4, 13). 

Several  variant  forms  of  ER-a  and  ER-pi  mRNAs  have  been  identified  (for  a  review  see  14,  15-17).  Among 
them,  exon-deleted  variant  mRNAs,  that  would  encode  ER-like  proteins  missing  some  of  the  functional  domains 
of  the  wild-type  receptors,  which  could  interfere  with  ER-a  and/or  ER-pi  signaling  pathways.  Indeed,  exon  5- 
deleted  and  exon  7-deleted  ER-a  variant  proteins  have  been  shown,  in  vitro,  to  exhibit  a  constitutive 
transcriptional  (18)  and  a  dominant  negative  activity  (19)  on  ER-a,  respectively.  More  recently,  an  ER-P2 
variant,  deleted  of  regions  encoded  by  ER-Pl  exon  8  sequences,  has  been  shown  to  heterodimeiize  with  both 
ER-pi  and  ER-a  and  to  inhibit  ER-a  DNA  binding  capability  (20,  21).  The  ability  of  ER-a  variants  to 
potentially  interfere  with  the  ER-a  signaling  pathways  raised  the  question  of  their  possible  involvement  in 
mechanisms  underlying  breast  tumorigenesis  and  tumor  progression.  While  many  data  have  been  published 
documenting  the  differential  expression  of  ER-a  variants  at  different  stage  of  breast  cancer  progression  (14)  no 
studies  have  been  performed  comparing  the  relative  expression  of  ER-P  variant  mRNAs  in  human  breast  tissue. 
We  have  developed  a  triple  primer  polymerase  chain  reaction  (TP-PCR)  assay  to  evaluate  the  relative  expression 
of  ER-pi,  ER-P2,  ER-P4  and  ER-PS  variant  mRNAs.  As  shown  Fig.  lA,  ER-P2,  ER-P4  and  ER-PS 
variant  mRNAs  do  not  contain  exon  8  ER-pl  sequences  but  share  similar  3'end  sequences.  This  assay  was  used 
to  evaluate  the  relative  expression  of  ER-pi,  ER-p2  and  ER-p5  mRNA  within  breast  tumors  (n=53)  and  in 
some  cases  (n=13),  within  adjacent  normal  breast  tissue. 

Materials  and  methods 

Human  breast  tissues  and  tumor  cell  lines. 

Fifty  three  cases  were  selected  from  the  NCIC-Manitoba  Breast  Tumor  Bank  (Winnipeg,  Manitoba,  Canada).  As 
previously  reported,  all  cases  in  the  Bank  have  been  processed  to  provide  paraffin  embedded  tissue  blocks  and 
mirror  image  frozen  tissue  blocks  (22).  Histopathological  analysis  was  performed  on  Hematoxylin/Eosin  stained 
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sections  from  the  paraffin  tissue  block  to  estimate,  for  each  case,  the  proportions  of  tumor  and  normal  epithelial 
cells,  fibroblasts  and  fat,  as  well  as  to  determine  the  levels  of  inflammation  and  Notthingam  grade  scores  (23). 
The  age  of  the  patients  ranged  between  39  and  87  years  (n  =  53,  median  =  67).  Tumors  spanned  a  wide  range  of 
ER  (from  0  to  159  fmol/mg  protein,  n  =  53,  median  =  9  fmol/mg  protein)  and  progesterone  receptor  (PR  values 
ranging  from  0  to  285  fmol/mg  protein,  n  =  53,  median  =  10  fmol/mg  protein),  as  measured  by  ligand  binding 
assay.  These  tumors  also  covered  a  wide  spectrum  of  grade  (Notthingam  grading  scores  from  1  to  9,  n  =  47, 
median  7).  Inflammation  levels  were  assessed  for  5 1  cases  by  scoring  the  extent  of  lympho-histocystic  infiltrates 
throughout  the  section  using  a  semiquantitative  scale  from  0  (low  to  minimal  infiltration)  to  5  (marked  infiltrate). 
For  thirteen  cases,  matched  adjacent  normal  tissue  blocks  were  also  available.  The  characteristics  of  this  subset  of 
13  tumors  were  as  follow;  ER  status  ranged  from  0  to  159  fmol/mg  protein  (median  =  3.5  frnol/mg  protein),  PR 
status  ranged  from  4.9  to  134  fmol/mg  protein  (median  =  8.5),  Notthingam  grade  scores  ranged  from  5  to  9 
(median  7),  inflammation  levels  ranged  from  1  to  5  (median  3),  and  patients  were  between  39  and  75  years  old 
(median  =  54). 

MDA-MB-231,  MDA-MB-468,  ZR-75,  BT-20,  T-47D,  and  MCF-7  breast  cancer  cells  were  grown  and  poly-A 
mRNA  was  obtained  as  previously  described  (24).  Total  RNA  was  extracted  from  frozen  breast  tissue  sections 
using  Trizol™  reagent  (Gibco  BRL,  Grand  Island,  NY)  according  to  the  manufacturer's  instructions,  and 
quantified  spectrophotometrically.  One  [Xg  of  total  RNA  was  reverse  transcribed  in  a  final  volume  of  25  p.1  as 

previously  described  (25). 

Primers  and  PCR  conditions. 

The  primers  used  consisted  of  ER-plU  primer  (5'-CGATGCTTTGGTTTGGGTGAT-3’;  sense;  located  in  exon 
7,  position  1400-1420,  Genbank  accession  number  AB006590),  ER-piL  primer  (5’- 
GCCCTCnTGCTTTTACTGTC-3';  antisense;  located  in  exon  8,  position  1667-1648,  Genbank  accession 
number  AB006590),  and  ER-p2L  (5'-CTTTAGGCCACCGAGTTGATT-3’;  antisense;  located  in  ER-p2  extra¬ 
sequences,  position  1933-1913,  Genbank  accession  number  AF051428).  PCR  amplifications  were  performed 
and  PCR  products  analyzed  as  previously  described  with  minor  modifications  (25).  Briefly,  1  pi  of  reverse 
transcription  mixture  was  amplified  in  a  final  volume  of  15  pi,  in  the  presence  of  1  fiCi  of  [oc-^^P]  dCTP  (3000 
Ci/mmol),  4  ng/pl  of  each  primer  (ER-plU,  ER-plL  and  ER-p2L)  and  0.3  unit  of  Taq  DNA  polymerase 
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(Gibco  BRL,  Grand  Island,  NY).  Each  PCR  consisted  of  30  cycles  (30  sec  at  60°C,  30  sec  at  72°C  and  30  sec  at 
94  °C).  PCR  products  were  then  separated  on  6%  polyacrylamide  gels  containing  7M  urea.  Following 
electrophoresis,  the  gels  were  dried  and  autoradiographed.  Amplification  of  the  ubiquitously  expressed 
glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  cDNA  was  performed  in  parallel  and  PCR  products 
separated  on  agarose  gels  stained  with  ethidium  bromide  as  previously  described  (25).  Identity  of  PCR  products 
was  confirmed  by  subcloning  and  sequencing,  as  previously  reported  (25). 

Triple  primer  PCR  validation. 

The  first  series  of  experiments,  performed  using  cDNAs  preparation  from  breast  cancer  line  mRNA,  showed  that 
ER-pi,  ER-p2  and  ER-P5  cDNAs  can  be  co-amplified  and  led  to  the  production  of  three  PCR  products  that 
were  subcloned  and  sequenced  as  previously  described  (25).  Spiked  cDNA  preparations  containing  1  fg  of 
purified  PCR  products  corresponding  to  ER— pi  and  ER— P5  mRNAs  were  amplified  together  with  increasing 
amounts  of  ER-p2  PCR  product  (0,  0.2,  0.4,  1,  4  and  8  fg)  in  a  single  PCR  tube  using  the  three  primers 
(ER-piU,  ER— piL  and  ER— p2L),  as  described  above.  Similar  experiments  were  performed  using  constant 
amounts  of  ER— pi  and  ER— P2,  or  of  ER— P2  and  ER— P5,  with  increasing  amounts  of  ER— P5  or  ER— pi  PCR 
products,  respectively.  In  parallel,  preparations  containing  1  fg  of  each  PCR  products  alone  were  also  amplified. 
In  eveiy  case,  PCR  products  were  separated  on  6%  polyacrylamide  gels  containing  7M  urea.  Following 
electrophoresis,  the  gels  were  dried  and  autoradiographed.  Signals  were  quantified  by  excision  of  the  appropriate 
bands  and  counting  in  a  scintillation  counter  (Beckman).  For  each  sample,  ER-pl,  ER-p2  and  ER-p5  signals 
were  expressed  as  a  percentage  of  the  sum  of  all  signals  measured  (ER-pi  plus  ER-p2  plus  ER-p5  signals). 
Experiments  have  been  performed  in  duplicate  and  the  mean  of  the  relative  signals  calculated.  For  each  ER-p 
isoform,  regression  analyses  between  the  relative  signal  obtained  and  the  relative  initial  input  (i.e  ER-p  isoform 
input  expressed  as  a  percentage  of  ER— P 1  plus  ER— P2  plus  ER— P5  inputs  were  performed  using  GraphPad 
Prism^  software. 

Quantification  and  statistical  analyses. 

In  order  to  quantitate  the  relative  expressions  of  ER-pl,  ER-p2  and  ER-p5  mRNAs  within  each  breast  tissue 
sample,  we  used  the  TP-PCR  described  above.  Quantification  of  ER-pl,  ER-P2  and  ER-p5  signals  was 
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carried  out  by  excision  of  the  bands  and  scintillation  counting.  For  each  sample,  ER-pi,  ER-P2  and  ER-PS 
signals  were  expressed  as  a  percentage  of  the  sum  of  all  signals  measured  (ER-pl  plus  ER-P2  plus  ER-PS 
signals).  Three  independent  PCRs  were  performed  and  the  mean  of  the  relative  expressions  was  calculated. 
Differences  between  ER-pi,  ER-p2  and  ER-pS  relative  expression  within  the  cohort  studied  were  tested  using 
the  Wilcoxon  signed  rank  test  (Two  tailed).  Correlations  with  tumor  characteristics  were  tested  by  calculation  of 
the  Spearman  coefficient  (r). 

Results 

Validation  of  the  triple  primer  PCR  (TP-PCR)  as  an  approach  to  evaluate  the  relative  expression  of 
ER-pl,  ER-p2  and  ER-p5  mRNAs. 

We  have  previously  established  that  TP-PCR  provided  a  reliable  method  to  investigate  the  expression  of  a 
truncated  mRNA  relative  to  the  wild-type  mRNA  expression  within  small  breast  tissue  samples  (25).  In  its  initial 
design,  the  TP-PCR  assay  relied  on  the  co-amplification  of  one  truncated  and  a  wild-type  cDNA  molecule  using 
three  primers  in  the  PCR.  The  upper  primer  recognized  both  sequences  whereas  the  two  lower  primers 
recognized  the  variant  and  the  wild-type  sequences,  respectively.  We  have  shown  that  the  final  ratio  between  the 
two  co-amplified  products  was  linearly  related  to  the  initial  cDNA  input  (25). 

As  shown  Fig.  lA,  ER-pi,  ER-P2,  ER-|34  and  ER-P5  mRNAs  all  have  exon  7  sequences,  but  differ  from 
each  other  in  the  following  sequences.  Interestingly,  comparison  of  the  sequences  revealed  that  ER-P2,  ER-p4 
and  ER-P5  mRNAs  have  sequence  similarities  within  their  3'  extremities.  Therefore,  it  was  possible  to  use  TP- 
PCR  to  investigate  the  relative  expression  of  these  variants.  Three  primers  were  designed  (ER-piU,  ER-piL 
and  ER-p2L)  which  recognized  exon  7  sequences  common  to  all  transcripts,  ER— pi  exon  8  specific  sequences, 
and  sequences  shared  by  ER— P2,  ER— P4  and  ER— P5  mRNAs,  respectively  (Fig.  lA).  As  shown  in  Fig.  lA, 
the  expected  PCR  products  resulting  from  the  co-amplification  of  the  corresponding  cDNAs  ate  different  in  size 
and  can  be  easily  distinguished  on  an  acrylamide  gel. 

The  assay  was  used  initially  to  determine  the  expression  of  ER— pi,  ER-P2,  ER— P4  and  ER— P5  mRNAs  in 
several  different  human  breast  cancer  cell  lines  (Fig.  IB).  Three  bands,  migrating  at  an  apparent  size  of  268  bp, 
214  bp  and  295  bp  were  observed  in  all  samples.  Subcloning  and  sequencing  these  bands  confirmed  their 
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identity  as  ER  Pl,  ER  P2  and  ER  P5  cDNAs,  respectively  (data  not  shown).  We  were  unable  to  detect  a 
product  of  529  bp  which  would  correspond  to  the  ER-p4  PCR  product.  Interestingly,  in  all  tumor  cell  lines,  the 
ER-pl  signal  was  lower  than  the  ER-p2  and/or  ER-p5  signals  (Fig.  IB). 

Because  TP-PCR  performed  using  these  primers  produced  three  PCR  products,  instead  of  two  PCR  products 
obtained  in  the  original  validation  studies  published  (25),  it  was  necessary  to  establish  the  quantitative 
relationship  between  the  signals  obtained  and  the  initial  target  concentrations.  In  order  to  address  this  issue, 
spiked  DNA  preparations  containing  equal  amounts  of  ER-pl  and  ER-p5  PCR  products  and  increasing 
amounts  of  ER-p2  PCR  products  were  amplified  (Fig.  2A).  In  parallel,  The  relative  signals  of  ER-pl,  ER-P2 
and  ER-P5  have  been  measured  and  expressed  as  a  percentage  of  the  sum  of  the  signals  measured,  as  described 
in  the  Materials  and  Methods  section.  As  expected,  in  the  absence  of  ER-P2  only  two  bands,  corresponding  to 
ER-pi  and  ER-P5  PCR  products,  are  observed.  The  relative  signals  of  ER-pi  and  ER-p5  decreased  whereas 
the  ER-p2  relative  signal  increased  linearly  with  increasing  ER-p2  input.  Indeed,  for  each  ER-p  isoform, 
regression  analysis  showed  a  linear  correlation  between  the  relative  signal  of  the  PCR  product  measured  and  its 
relative  input  (Fig.  2B).  Similar  results  were  obtained  when  experiments  were  performed  using  constant  amounts 
of  ER-pi  and  ER-P2  with  increasing  amounts  of  ER-P5  PCR  products,  or  using  constant  amounts  of  ER-P2 
and  ER-P5  with  increasing  amounts  of  ER-pl  (data  not  shown).  It  should  be  noted  that  the  amplification  of 
similar  amounts  of  the  three  molecules  led  to  the  production  of  three  bands  of  similar  intensities  (Fig.  2A).  It 
should  also  be  stressed  that  the  ratio  ER-p5/ER-pi  was  not  affected  by  increasing  amounts  of  ER-p2,  and  that 
the  ratios  ER-p2/ER-p5  and  ER-P5/ER-P2  varied  as  a  linear  function  of  the  initial  ER-p2/ER-p5  and 
ER-P5/ER-P2  input  ratios,  respectively  (data  not  shown).  We  concluded  that  the  TP-PCR  assay,  performed 

under  the  described  conditions,  provided  a  reliable  method  with  which  to  compare  breast  tissue  samples  for  their 
relative  expression  of  ER-pl,  ER-p2  and  ER-p5  mRNAs. 

Comparison  of  the  relative  expression  of  ER-pi,  ER-P2  and  ER-p5  mRNAs  in  breast  tumor  tissues. 

To  determine  if  alterations  occur  in  the  balance  between  ER-pl,  ER-p2  and  ER-P5  mRNAs  during  breast 
tumor  progression,  the  relative  expression  of  these  transcriptss  was  measured  in  primary  breast  tumor  tissues 
from  53  different  patients,  using  the  TP-PCR  assay  described  above.  These  tumors  presented  a  wide  spectrum  of 
ER  and  PR  status,  as  determined  by  ligand  binding  assay,  and  also  spanned  a  wide  range  of  grade  and 
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inflammation  levels  (for  a  more  detailed  description  of  the  cohort  characteristics,  see  the  Materials  and  Methods 
section).  Total  RNA  was  extracted  from  frozen  tissue  sections  and  reverse  transcribed  as  described  in  Material 
and  Methods.  TP-PCR  was  then  performed.  Examples  of  the  results  obtained  are  shown  in  Fig.  3A.  Three  PCR 
products  migrating  at  an  apparent  size  of  268  bp,  214  bp  and  295  bp  were  obtained.  These  PCR  products  were 
shown  by  cloning  and  sequencing  to  correspond  to  ER— pi,  ER— P2  and  ER-PS  cDNA,  respectively.  As  in  our 
preliminary  study  performed  in  human  breast  cancer  cell  lines,  no  band  of  529  bp  was  detected,  which  would 
correspond  to  ER-p4  PCR  product.  Amplification  of  the  ubiquitously  expressed  GAPDH  cDNA,  performed  to 
check  the  integrity  of  each  cDNA  studied,  revealed  similar  amounts  of  cDNA  in  all  samples  (data  not  shown). 
ER-pl,  ER-p2  and  ER-P5  signals  obtained  in  3  independent  TP-PCRs  were  quantified  as  described  in  the 
Materials  and  Methods  section.  For  each  sample,  the  percentage  of  each  band  relative  to  the  sum  of  the  signals 
obtained  has  been  calculated.  The  medians  of  ER-pl,  ER-p2  and  ER-p5  relative  expressions  within  tumors, 
sorted  according  to  their  grade  or  to  the  level  of  inflammation  are  presented  Fig.  3B.  The  ER-pi  relative  signal 
was  found  to  be  significantly  lower  than  ER-P2  (Wilcoxon  sign  rank  test,  n  =  53,  p  =  0.0002)  and  ER-P5 
(Wilcoxon  sign  rank  test,  n  =  53,  p=  0.004)  signals.  A  trend  towards  a  higher  expression  of  ER-P2  as 
compared  to  ER-P5  was  also  observed,  but  did  not  reach  statistical  significance  (Wilcoxon  sign  rank  test,  n  = 

53,  p=  0.09). 

Possible  associations  between  ER-pl,  ER-p2  or  ER-p5  signals  and  tumor  characteristics  were  then 
investigated.  ER— pi  relative  expression  was  found  (Fig.  3B)  to  be  inversely  related  to  the  grade  of  the  tumor  (n 
=  47,  Spearman  r  =  -0.33,  p  =  0.02)  and  the  level  of  inflammation  (n  =  5 1,  Spearman  r  =  -0.28,  p  =  0.04).  No 
other  associations  were  found  between  ER-pi  expression  and  ER  status,  PR  status,  or  age  of  the  patients. 
ER-P2  mRNA  expression  increased  significantly  with  the  levels  of  inflammation  (n  =  52,  Spearman  r  =  0.28,  p 
=  0.04).  No  other  associations  were  found  between  ER— P2  and  ER— P5  and  other  characteristics. 

Because  the  ratio  between  two  signals  was  related  to  the  respective  proportion  of  the  two  corresponding  cDNAs, 
we  also  addressed  the  question  of  the  expression  of  ER-p2  and  ER-P5  relative  to  ER-pi.  The  medians  of  the 
ratios  ER-p2/ER-pl,  ER-p5/ER-pl  and  ER-p5/ER-p2  within  tumors,  sorted  according  to  their  grade  or  to 
the  level  of  inflammation  are  presented  Fig.  3C.  ER-P5  and  ER— P2  expressions  relative  to  ER— pi  were  found 
positively  associated  with  the  tumor  grade  (n  =  47;  Spearman  r  =  0.29,  p  =  0.04;  and  Spearman  r  =  0.28,  p  = 


Leygue  et  al. 


9 


0.05,  respectively).  In  addition,  one  should  note  that  ER-p2  expression  relative  to  ER-pl  expression  correlated 
(n  =  52,  Spearman  r  =  0.34,  p  =  0.01)  with  levels  of  inflammation.  ER-P2  and  ER-p5  expression  relative  to 
each  other  did  not  correlate  with  grade,  degree  of  inflammation  or  any  other  tumor  characteristics. 

No  correlations  were  found  between  the  content  of  the  tissue  sections  analyzed,  i.e  percentage  of  normal  cells, 
tumor  cells,  fibroblasts  or  fat,  and  ER-pi,  ER-P2  and  ER-P5  mRNA  relative  expression  (data  not  shown). 

ER-pl,  ER-P2  and  ER-PS  mRNAs  expression  within  matched  normal  and  tumor  compartments. 

To  determine  whether  changes  in  the  expressions  of  ER-pl,  ER-p2  and  ER-P5  mRNAs  occur  during  breast 
tumorigenesis,  we  compared  the  relative  expression  of  these  transcripts  between  normal  breast  tissue  and 
matched  adjacent  tumors.  Normal  adjacent  breast  tissue  was  available  for  13  cases  belonging  to  the  cohort 
described  earlier  in  the  text.  The  characteristics  of  this  tumor  subset  are  detailed  in  the  Materials  and  Methods 
section.  Total  RNA  was  extracted  and  following  reverse  transcription,  TP-PCR  was  performed  as  described  in 
the  Material  and  Methods  section.  Typical  results  are  shown  Fig.  4A.  Quantification  of  the  signals  was 
performed  as  described  earlier  in  the  text.  Fig.  4B  shows  the  relative  expression  within  tumor  and  adjacent 
normal  breast  tissues  of  ER-pl  mRNA.  A  trend  towards  a  lower  ER-pl  signal  (9  out  of  13  cases,  Wilcoxon 
sign  rank  test,  p=0.06)  in  the  tumor  compartment  compared  to  the  normal  adjacent  components  was  observed.  In 
contrast,  trends  towards  higher  expression  of  ER-p2  (Fig.  4C)  and  ER-p5  (Fig.  4D)  mRNAs  relative  to  ER-pl 
mRNA  were  observed  in  tumor  compartments  (8  out  of  13  cases,  Wilcoxon  sign  rank  test,  p=0. 10;  and  9  out  of 
13  cases,  Wilcoxon  sign  rank  test,  p=0.06,  respectively). 

Discussion 

In  order  to  evaluate  the  relative  expression  of  ER-pi,  ER-p2  and  ER-p5  mRNAs  within  small  frozen  sections 
of  human  breast  tissues,  we  have  developed  an  assay  based  on  the  co-amplification  of  the  corresponding  cDNAS 
in  a  single  tube,  using  three  primers  in  the  PCR.  The  quantitative  aspect  of  this  assay  was  validated  using 
preparations  containing  known  amounts  of  target  cDNA.  The  TP-PCR  approach  appeared  to  be  a  reliable 
approach  to  estimate  not  only  the  relative  expression  of  each  variant  within  the  population  of  ER-P  molecules 
measured  (ie  ER-pi,  ER-P2  and  ER-P5  mRNAs),  but  also  the  proportion  of  each  RNA  relative  to  one  another. 
One  should  note  that  the  set  of  primers  used  would  detect  ER— P4  variant  mRNA.  However,  this  variant  was  not 
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detected  in  any  breast  sample  or  tumor  cell  line  studied.  This  might  result  from  either  a  lower  efficiency  of 
amplification  of  this  specific  variant  in  our  PCR  conditions,  or  to  a  lower  relative  expression  of  ER-p4  mRNA 
as  compared  to  ER-pl,  ER-p2  and  ER-p5.  A  low  expression  of  ER-p4  mRNA  would  be  consistent  with  data 
obtained  on  breast  cancer  cell  lines  by  Moore  et  al.  (20). 

Our  data  show  that  ER-pl,  ER-p2  and  ER-p5  mRNAs  are  co-expressed  in  human  breast  cancer  cells  grown  in 
culture.  These  data  confirm  the  previous  observation  of  Moore  et  al.  (20).  These  authors  however,  did  not 
address  the  question  of  the  relative  expression  of  these  mRNAs.  Striking  differences  m  the  pattern  of  expression 
of  ER-pi,  ER-P2  and  ER-p5  mRNAs  were  found  between  tumor  cell  lines.  If  these  differences  in  expression 
are  conserved  at  the  protein  level,  one  might  hypothesize  that  ER-P  signaling  pathways,  that  likely  result  from 
the  balance  between  the  different  forms,  vary  in  these  cells.  To  date,  multiple  ER-P-like  mRNAs  have  been 
described,  that  could  encode  different  proteins  that  would  be  difficult  to  distinguish  from  each  other  by  Western 
blot  analysis.  For  example,  ER-pi  protein  (5)  and  ER-p2  protein  (20)  present  theoretical  molecular  masses  of 
54.2  kDa  and  55.5  kDa,  respectively.  Most  likely,  antibodies  recognizing  specifically  the  different  ER-P 
proteins  would  be  the  best  approach  to  address  the  question  of  the  relative  expression  of  ER-P  proteins  within 
breast  cancer  cells.  Higher  ER-P2  and  ER-P5  expression  as  compared  to  ER-pl  expression  were  observed  in 
cancer  cell  lines.  This  suggests  that  the  respective  participation  of  ER-P2  and  ER-P5  variants  in  ER-P  signaling 
pathways  within  breast  cancer  cells  might  be  as  important  as  that  of  ER-Pl. 

As  observed  in  breast  ceuicer  cell  lines,  ER— pi,  ER— P2  and  ER-P5  mRNAs  were  detected  in  human  breast 
tumors.  Consistent  with  the  observations  in  breast  cancer  cell  lines,  ER-P2  and  ER-P5  mRNAs  were  more 
highly  expressed  than  ER-pi  mRNA  in  these  tissues.  However,  even  though  this  observation  may  result 
directly  from  the  expression  of  different  ER-P  isoforms  in  breast  cancer  cells,  it  may  also  be  a  consequence  of 
the  heterogeneity  of  the  cell  populations  expressing  ER-P  molecules,  and  present  in  different  proportions  within 
the  tumor  sample  analyzed.  Indeed,  because  lymphocytes  have  previously  been  shown  to  express  ER-pi, 
ER-P2  and  ER-P5  mRNAs,  one  could  speculate  that  infiltrating  lymphocytes  within  the  tumor  might  contribute 
to  the  higher  level  of  ER-P2  mRNA  expression  in  tumors  with  higher  inflammation  levels.  Techniques  such  as 
in  situ  hybridization  or  immunocytochemistry,  designed  to  distinguish  between  the  different  ER-P  isoforms,  are 
needed  to  address  the  question  of  the  cellular  origin  of  ER-P  isoform  expressions  in  vivo. 
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We  observed  an  inverse  relationship  between  the  relative  expression  of  ER-pl  mRNA  and  tumor  grade.  It  has 
been  shown  that  the  Notthingham  grade  provides  a  useful  marker  of  the  length  of  the  rdisease  free  interval  and 
overall  survival  (23).  We  have  also  observed  a  decrease  of  the  relative  expression  of  ER-Pl  in  tumor  versus 
normal  adjacent  components.  Taken  together,  these  data  suggest  that  changes  in  the  relative  expression  of 
ER-pi,  ER-P2  and  ER-PS  mRNAs  occur  during  breast  tumorigenesis  and  tumor  progression.  Whether  these 
changes  are  a  cause  or  a  consequence  of  tumorigenesis  remains  to  be  elucidated. 

In  conclusion,  we  have  developed  a  TP-PCR  assay  allowing  the  investigation  of  the  relative  expressions  of 
ER-pi,  ER-P2,  and  ER-PS  mRNA  in  human  breast  tissues.  In  these  tissues,  ER-pi  mRNA  appeared  to  have 
the  lowest  level  of  expression  when  compared  to  the  two  other  isoforms  detected.  We  found  that  the  relative 
expression  of  ER-pi  was  inversely  related  to  the  grade  of  the  tumor,  suggesting  that  it  could  be  used  as  a  marker 
of  tumor  progression.  Moreover,  a  lower  relative  expression  of  ER-pi  was  observed  in  tumor  versus  adjacent 
normal  breast  tissues,  suggesting  that  changes  in  the  expression  of  ER-P  isoforms  occur  during  breast 
tumorigenesis.  The  cellular  origin  of  the  expression  of  ER— pi,  ER— P2  and  ER— pS  in  breast  tumor  tissue  in  vivo 
remains  to  be  determined  as  does  the  putative  role  of  the  different  ER-p  variant  forms  in  the  mechanisms 
underlying  tumorigenesis  and  tumor  progression. 
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Figures  legend 

Fig.l 

Presentation  of  the  triple  primer  polymerase  chain  reaction  (TP-PCR)  assay  and  relative  expressions  of 
ER-pl,  ER-p2,  ER-p4  and  ER-p5  mRNAs  in  breast  cancer  cell  lines.  A:  The  structural  and  functional 
domains  (AF)  of  the  ER-pi  protein  (AF-1:  Transactivation  function  1,  DBD  and  LBD:  DNA  and  hgand  binding 
domains,  respectively)  are  shown  together  with  the  corresponding  exonic  structure  (exons  1  to  8)  of  the  ER-pi 
mRNA.  For  each  cDNA  (Pl,  P2,  P4  and  p5),  common  sequences  and  specific  sequences  are  depicted  by  white 
and  gray  boxes,  respectively.  ER-piU,  ER-plL  and  ER-p2L  primer  annealing  sites  are  represented  by 
hatched,  dotted  and  black  boxes,  respectively.  The  sizes  of  the  possible  PCR  products  (black  bars)  obtained  after 
TP-PCR  are  indicated.  B:  Breast  cancer  cell  line  (MDA  MB  231,  MDA  MB  468,  ZR75,  BT  20  T-47D  and  MCF 
7)  poly-A  mRNAs  have  been  reverse  transcribed,  TP-PCR  performed  and  PCR  products  separated  on  an 
acrylamide  gel  as  described  in  the  Materials  and  Methods  section.  PCR  products  migrating  at  an  apparent  size  of 
295  bp,  268  bp  and  214  bp  have  been  subcloned,  sequenced,  and  identified  as  corresponding  to  ER-p5,  ER-pl 
and  ER— P2  mRNAs,  respectively.  M:  molecular  size  markers  ((t)xl74  RF  DNA/Hae  HI  fragments,  Gibco  BRL, 
Grand  Island,  NY). 


Fig.  2 

TP-PCR  validation.  A:  Spiked  DNA  preparations,  containing  various  amounts  (indicated  in  fg  above  the 
autoradiogram)  of  ER-p5,  ER-pl  and  ER-P2  purified  PCR  products  (p5,  pi,  and  p2)  were  amplified  by  TP- 
PCR,  and  PCR  products  separated  on  an  acrylamide  gel  as  specified  in  the  Materials  and  Methods  section.  The 
autoradiogram  shows  the  PCR  products  obtained.  B:  Signals  corresponding  to  ER-P5,  ER-pl  and  ER-P2 
PCR  products  have  been  quantified  in  each  lane  as  described  in  the  Materials  and  Methods  section.  For  each 
ER-P  isoform,  the  relative  signal  observed  (%  signal,  expressed  as  a  percentage  of  the  sum  P 1  plus  P2  plus  P5 
signals)  is  presented  as  a  function  of  the  initial  relative  cDNA  input  (%input,  expressed  as  a  percentage  of  the 
sum  pi  plus  P2  plus  pS  inputs).  The  regression  coefficients  (r)  and  the  p  value  of  the  association  are  also 


presented. 
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Fig.  3 

TP-PCR  analysis  of  the  relative  expressions  of  ER-pi,  ER-pi  and  ER-PS  mRNAs  within  a  cohort  of 
53  independent  breast  tumors.  Total  RNA  was  extracted  from  53  breast  tumors,  reverse  transcribed  and 
analyzed  by  TP-PCR  as  described  in  the  Materials  and  Methods  section.  PCR  products  were  separated  on 
acrylamide  gels.  A:  Autoradiogram  showing  the  results  obtained  for  12  cases  (1-12).  M:  molecular  weight 
marker  (|)xl74  RF  DNA/Hae  HI  fragments.  B:  ER-Pl,  ER-P2  and  ER-ps  signals  have  been  quantified  and 
expressed  relatively  to  the  sum  of  the  signals  obtained,  as  described  in  the  Materials  and  Methods  section. 
Tumors  have  been  sorted  according  to  their  Notthingham  grade  scores  (5-9)  or  to  their  levels  of  inflammation  (1- 
5).  For  each  group,  the  number  of  patients  (n)  and  the  medians  of  the  relative  expression  of  ER-pi,  ER-P2  and 
ER-P5  signals  are  indicated  by  black,  white  and  dark  gray  bars,  respectively.  C:  For  each  group,  the  number  of 
patients  (n)  and  the  median  of  the  ratios  ER-p2/ER-pl,  ER-p5/ER-pl  and  ER-p5/  ER-p2  signals  are 
indicated  by  white,  dark  gray  and  light  gray  bars,  respectively. 

Fig.  4 

TP-PCR  analysis  of  the  relative  expressions  of  ER-pi,  ER-P2  and  ER-ps  mRNAs  within  matched 
normal  and  tumor  compartments  of  human  breast  tumors.  Total  RNA  was  extracted  from  13  breast  tumors 
(T)  and  adjacent  normal  breast  tissues  (N),  reverse  transcribed  and  analyzed  by  TP-PCR  as  described  in  the 
Materials  and  Methods  section.  PCR  products  were  separated  on  acrylamide  gels.  A:  Autoradiogram  showing 
the  results  obtained  for  5  cases  (1-5).  B:  ER— pi,  ER— P2  and  ER— p5  signals  have  been  quantified  and  expressed 
relatively  to  the  sum  of  the  signals  obtained,  as  described  in  the  Materials  and  Methods  section.  For  each  case  (1- 
13)  the  relative  percentages  of  ER-pi  in  tumor  (white  bars)  and  normal  (black  bars)  components  are  shown.  C: 
For  each  case  (1-13),  the  ratios  ER-p2/ER-pi  in  tumor  (white  bars)  and  normal  (black  bars)  components  are 
shown.  D:  For  each  case  (1-13),  the  ratios  ER-p5/ER-pi  in  tumor  (white  bars)  and  normal  (black  bars) 
components  are  shown. 


